Curriculum Vitae of Ralf Cuntze

comprising Career, essential Scientific Findings & Personal Pictures
Prof. Dr.-Ing. habil. Ralf Cuntze VDI, Ralf Cuntze@t-online.de
Retired from industry, MAN-Technologie, Augsburg, and from Composites United

Engineer and hobby scientist:

application-oriented with a touch for material modelling

and with the] hope to be some bridge-builder between

mechanical and civil engineering (construction).
Hobbies: exploring the world, nature photography,
gardening, mountaineering, cyclamen breeding, etc.

This was my LIFE.

1939 born Sept 8 in Erfurt. Survived bombing at Erfurt and a machine gun fire at the war’s end

1964: Dipl.-Ing. Civil Engineering CE (construction, TU Hannover). 1968: Dr.-Ing. in Structural
Dynamics (CE). 1978: Dr.-Ing. habil. Venia Legendi in Mechanics of Lightweight Structures
(TU-Munich)

1980-1983: Lecturer at Universitdit der Bundeswehr Miinchen: on ‘Fracture Mechanics‘in the
construction faculty and 1990-2002 on ‘Composite Lightweight Design‘in aerospace faculty

1987: Full professorship ‘Lightweight Construction®, not started in favor of industry
1998: Honorary professorship at Universitit der Bundeswehr Miinchen
1968-1970: FEA-programming (DFVLR at the airport Essen/Miihlheim)

1970-2004: MAN-Technologie (Miinchen , Augsburg). Headed the Main Department ‘Struct. and
Thermal Analysis’. 50 years of life with Fibers CarbonF, AramidF, GlassF, BorF, Bs(basalt)F.

*Theoretical fields of work: structural dynamics, finite element analysis, rotor dynamics, structural
reliability, partial/deterministic safety concepts, material modeling and model validation, fatigue,
fracture mechanics, design development ‘philosophy’ & design verification

*Mechanical Engineering applications at MAN: ARIANE 1-5 launcher family (design of different
parts of the launcher stages, inclusively Booster) Cryogenic Tanks, High Pressure Vessels, Heat
Exchanger in Solar Towers (GAST Almeria) and Solar Field, Wind Energy Rotors (GROWIAN
@103 m, WKA 60, AEROMAN. Probably the first world-wide wind energy conferences organized
in 1979, 1980 with Dr.Windheim), Space Antennas, Automated Transfer Vehicle (Jules Verne,
supplying the space station ISS), Crew Rescue Vehicle (CMC application) for ISS, Carbon and
Steel Gas-Ultra-Centrifuges for Uranium enrichment. Filament Winding theory. Material
Databank etc.

*Civil Engineering applications: Supermarket statics, armoring plans, pile foundation, 5th German
climbing garden (1980 designed, concreted and natural stone-bricked)

1971-2010. Co-author of ESA/ESTEC-Structural Materials Handbook, Co-author and first convener
of the ESA-Buckling Handbook and co-author in Working Groups WGs for ESA-Standards
‘Structural Analysis’, ‘High Pressure Vessels’ (metals and composites) and ‘Safety Factors’

1972-2015, IASB: Luftfahrt-Technisches Handbuch HSB ‘Fundamentals and Methods for
Aeronautical Design and Analyses’. Author and Co-author of numerous HSB sheets and about
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2006-2008 co-transfer with co-translation of the HSB aerospace structural handbook into its
present English version.

1980-2011: Surveyor/Advisor for German BMFT (MATFO, MATEC), BMBF (LuFo) and DFG

1980-2006: VDI Guideline 2014, co-author of Parts 1 and 2, Beuth Verlag ‘Development of Fiber-
reinforced Plastic Components’; Part 3 ‘Analysis‘, editor/convener/co-author

1986 and 1889: One week FRP-lecture on composite design in Pretoria, SA

2000-2013: World-Wide-Failure-Exercises WWFE on Uni-directional fiber-reinforced materials
(UD) strength: WWFE-I (2D stress states) non-funded winner against institutes of the world,
WWFE-II (3D states) top-ranked

2009-2021 linked to Carbon Composites e.V. at Augsburg, later Composites United CU e.V. and to
TUDALIT Dresden. Since 2011 working on the light weight material Fiber-reinforced (polymer)
Carbon Concrete. Founded and headed the working groups: (1) 2009: 'Engineering' linked to
the WG Non-Destructive Testing and the WG Connection Technologies, mechanical engineering.
(2) 2010: 'Composite Fatigue'. In 2010 the author held an event that was excellently attended by
international speakers. (3) 2011: 'Design Dimensioning (Auslegung, Bemessung) and Design
Verification (Nachweis)' mainly for carbon concrete. This working group was the foundation stone
for the later specialist network CU Construction, aiming at “Fiber-based lightweight
construction”. (4) 2017: 'Automated fabrication in construction including serial production' (“3D-
Print”). (5) 2020, 2021: Forum ‘Carbon concrete for practice’ at ‘Ulm Concrete Days’

2010: Founder of the Germany-wide Working Group BeNa to base fatigue life prediction ‘embedded
lamina-wise’ in order to become more general in future fatigue life design

2019: *GLOSSAR. “Fachbegriffe flir Kompositbauteile - technical terms for composite parts®.
Springer2019. Edited at suggestion of carbon concrete colleagues to improve mutual
understanding

2022: *Life-Work Cuntze - a compilation from the author s papers, presentations, published and non-
published design sheets and project works in industry (850 Pages, more design work-related)

2023: *Design of Composites using Failure-Mode-Concept-based tools - from Failure Model
Validation to Design Verification. Mechanics of Composite Materials, Vol. 59, No. 2, May, 2023,
pp. 263-282. *Minimum Test Effort-based Derivation of Constant-Fatigue-Life curves, displayed
for the brittle UD composite materials. Mechanics of Composite Materials, Springer, Advanced
Structured Materials, Vol.199, 107-146, draft. “Cuntze R and Kappel E: Benefits, applying Tsai'’s
Ideas ‘Trace’, ‘Double-Double’ and ‘Omni Failure Envelope’ to Multiply UD-ply composed
Laminates? * UD-Strength Failure criteria: Which one should I take? * Elaboration on Finite
Fracture Mechanics.

* Preprints, drafts are fully open for the public and downloadable from

https.//www.carbon-connected.de/Group/Prof.Ralf.Cuntze or from Research Gate

1) The presented novel scientific ideas invite for discussion.
2) The author’s research works were never funded.
3) The author asks for forgiveness in advance for inaccuracies, as he cannot get anyone to proofread.

Of course, the text content in the scientific chapters would have deserved a revision and
harmonization, but the author is becoming 86.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 2



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze
https://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

For me, this document collects all memories, which were relevant for me during life.

Me, Home, School and University - Time before contracted Working at University,
MAN-Technologie and Composites United, Contracts ESA/ESTEC and Airbus

GUESS: 1939, Birth of son Ralf in the first week of World War-I1 was one of the few rays of hope”.

e

2024: The author
after the yearly
‘pilgrimage’,

26 miles.

To and from the
monasteries
Kloster Indersdorf (home)
<~
Kloster Scheyern.

STRENGTH is still his Life !
“Anyone who stops learning is old, whether at twenty or beyond eighty.
Anyone who keeps learning stays young.
The greatest thing in life is to keep your mind young”.  #eury Ford

Movings

Erfurt —1945 Heimboldshausen (house of the Grandparents) —1953 Harnrode —1959 Hannover
— 1968 Miihlheim-Ruhr — 1970 Dachau —1976 Markt Indersdorf.

1966 married Jutta Leonhardt (no children), 2012 wife Jutta moved to another place, 2013 meeting
Maria Hasler, 2015 divorced from first wife and marriage of Maria.
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Me: Becoming older and older
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Family, at Home, School, Time before Working under Contract

The Ancestors:

A very old family.

A Cuntze was privy councilor to the Roman-German King Wenzel.

A captain Friedrich Cuntze took part in a crusade with Emperor Friedrich
I11 (crowned in 1452). For this he received a coat of arms and the so-called
letter nobility 'von'. (Wiener Wappensammlung, Folio 247, 37. Teil).

The two branches of the family have less than 100 members worldwide.

Mother of father.
GrandDad passed away

A » =
before my birth - =
Hofgeismar Father Mother , 1936 Parents of mother

Heimboldshausen

After the war
Happy with her two sons
(3 girls and 2 sons)
See pictures later
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During the war
Happy with her daughter.
The second daughter teribly died from
pulmonary tuberculosis (at that time a
person got nothing to drink!)

Impressed statement of
Terrible World War 1
Mother’s father was saved from freezing to
death in the Carpathians.
He said to me
"My feeling was inner peace and warmth".

After 25 years the same happened again.

On amotor bike  with his
Penny farthing1929 brother 1930
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Semester trip 1932 of
civil engineer students

No engineering work after studies,
193] — 19351

During this time, he worked again as a bricklayer
for a relative and for other small companies, at
maximum at the technician level

1935-1945, now continually working as a
Civil Engineer at “Eisenbetonbau Erfurt”.
Before 1939 it became ‘normal’ for getting
jobs in construction industry.

W Living at Erfurt during World War I1.
G When the bombers had planted their
‘Christmas trees’ in the sky, it was time to run
to the bunker as quickly as possible, if there
was a bunker at all (‘father’s’ one).
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The first independent steps:

Because of his eyes,
Papa was not fit for
war, he built industrial
plants and bunkers

Comment of the relatives:
""He's going to be a professor one
day." This requires Strength R +

Effort Eff ! see later
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Traditional yearly Cuntze-Family Festivities

Grandma 90 Years birthday
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Family festivity in the fifties

Burnt Memories:

1944: Dreams

*Finally getting a ball as a gift. Realized 3 years later at Christmas

* A dream with a net descending over me. (symbolically became true):Descending plane over the
house crashing behind the house in Erfurt on a free field in front of a hospital.

* Running to the nearest bunker when the so-called ‘Christmas trees’ enlightened the sky. We were
allowed to take this bunker, which had not yet been released, because dad happened to be the
construction responsible here)

* Relocation of the prisoners of war towards the Americans. March of these unfortunates over the
Werra bridge and then through Heimboldshausen further west.

1945:

US Army advances over the Werra border into Thuringia: Target shooting at individual buildings from a
mountain. This causes us to flee to the opposite and supposed safe side.

After the German Werwolf blowed up the Werra bridge directly before the arrival of a US reconnaissance
tank, the civilians lined up on the hemp were covered with a machine gun fire. Aunt shot in the head,
grandmother shot in the stomach, see memorial plaque on the right.

Concerning me: I ran 200 m further to my parents into the forest and we were not shot dead on March 30,
1945, because 'our' machine gun salvo was 20 cm too high. We then surrendered to a US officer with a
white flag. The fact that there were still 4 people in the forest was probably reported by the same tank
gunner who had previously shot other civilians dead.

Despite all the bitterness: We were all happy to leave that time behind us.

* Refugees from Sudetenland: In 1945 and 1946 two families = 8 persons had to be quartered.
After repairing the damage caused by shelling and a huge explosion of a train.

* During war 2 urban bomb victims had been quartered in the countryside, which means into
grandpa’s house . March 30: The mother was shot death like my grandma (below), the daughter
survived and went directly back.

* The smell of an extinguished candle still immediately creates this memory: In the basement,
candles are burning, I'm lying on a potato sack, at a distance of 5 m from the air one US tank
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after the other rattles by, upstairs the grandma lies bleeding to death after her shot in the stomach

* On April 3, 1945, a German Me Bf109 G-8 fighter attacked a German train with tankers. This
was in Heimboldshausen, now behind the US border line, and was to be destroyed according to
the German command. However, the American forces that had occupied Heimboldshausen on
March 31 had already set up shop near Heimboldshausen station. The German fighter plane had
no bombs on board and attacked the train only with on-board weapons. Parts of the exploding
tanks or hit by US anti-aircraft machine guns then crashed the plane with the pilot at the first
houses of Rohrigshof, the engine landed in the entrance of a classmate. At that time, my father
was sitting on top of the roof repairing the grenade impact of March 31st. He was lucky, he didn't
fly off the roof.

* Each pupil had to take a piece of wood with him on his footpath to school so that the elementary
school in the neighboring village, which had not been destroyed, could be heated.

1946:

* The desire to finally get a pair of long pants. This was done years later with trousers made of the
fabric of a military coat. This in order to finally no longer have to wear the long stockings,
which were held with elastic bands.

1948:

Changing Reichsmark (RM) into Deutschmark (DM): I received 3000 RM from my Grandpa and
proudly brought him back 30 DM with which one could buy something for.

March 30, 1945
Most impressive life
experience

After the war, Heimboldshausen was still the crossing point of a line from Russian-occupied
Thuringia to Hesse and then back to Thuringia and further from the route of the inner-Hessian district
railway to the district town of Bad Hersfeld. In my grandfather's general store, the train drivers from
Thuringia shopped. This offered the opportunity to have the machines of my uncle's paint factory in
Erfurt transported to his new workplace, namely the town Hanau, which had been completely
bombed. You 'only' had to load a wagon in Erfurt, attach it and decouple it in Heimboldshausen. The
new beginning in the West was secured and successful.

Despite everything, I had a very nice childhood
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Supply of Clothing & Food: Situation during war and after

Auy@ Behorde
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Dbt Cloth Card 1944
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Scheins werden, Wird die Ware durch
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Food Ration Card

after the 2nd World War
1946 (as in the 2" war)
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Dad and son Grandma and grandson Son and mum

Dad’s second run for a job

In 1944 after finalizing a construction, built by
the company ‘Eisenbetonbau Erfurt’ he was

The march of those involved in the

working for . . .
8f construction following the Nazi leaders
P ina ——
z GrofBhessisches Staatsministerium Y %Md 0’1 M 3 9‘?’
Der Minister fir Wiederaufbau & sl
und polifische Beireiung. (batum) De-Nazt;fication receipt,
Der ofientiiche Kldger bei der Spruchkammer 1947
Honsbla
A With the receipt of above
Aktenzeichen: %/QJgJ(V p

certificate, one became again
a recognized citizen with all
rights and obligations.

Very decisive for a new
job!

Auf Geund der Angaben in [hrein Meldebogen sind Sie von dem Gesetz
zur Befreiung vop Nationalsozialismus und Militarismus vom 5. 3. 1946

nicht betroffen.

Der bifentliche Kkiger:
An Herrn ffrorrbizl.

Woricin '5_ : ,M : Dad was now able to find
Ceiutre work as a civil engineer in

in WOM* N : the potash mine, 1949
 Ror)slware 5

Formbintk 11 Mittorhung an Nichthetroffene — 1
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My uncle Rudi was a ‘Soft Nazi’. In the
Russian-occupied zone, it was therefore
possible for him to work!! Of course, he also
needed things from home. We brought these
things (me too, because at childs it was not so
‘easy to shoot’) with the handcart to the border
4 km away. (How could one manage this
without a smartphone?). When my uncle later
wanted to go home, he was sentenced and then
sat in the prison of Hofgeismar. There, we
children (when I visited grandma) brought food
to the prison with the usual cooking utensils of
the soldiers at that time, a so-called
approximately ‘bretzel-shaped Henkelmann’,
which I always had with me for receiving the
school meal). I experienced something like this
again in Ladakh in 1981, however there the
relatives lived 10 km away from the prison and
not just a few hundred meters. My uncle was
guarded by a warden with a rifle, but this was
no problem for the warden to go with the
prisoner at his exit time to a newly opened pub.

Dad the biker: The ‘new’ life approaches the former life
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1938 1950

1956 This was the great time to learn shorthand

School at Heringen-Werra
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{

o |

1/

. \h, i
(left) Class 1957. Entrance examlnatlon 1950

(64 pupils), Abitur 1959 ( just 9 pupils left at
exams) (right) about 2012. Our strict, fantastic
class teacher Hans-Heinrich Bahr

Books had to be privately paid

Class trip

I remember that in 1946 there was excitement again: Suddenly soldiers of the Red Army appeared
again with, among other things, Panje horses, they had probably mistakenly oriented themselves on
old maps. This would have meant that the place where we wanted to build our new house would not
have become western territory. The US Army tanks, however, quickly put an end to this exciting
situation.
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Building a new home

My dad’s drawing
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Living at home. All buildings self-made. Father: civil engineer
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Every year, the slaﬁghter of a pig
served to obtain a food supply
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With such good care,
one had a good laugh

In the Grandparents general store at
Heimboldshausen, where the author lived
and collected experience as a young
merchant.

About 1960.

The figure shows the later owner, my
relatives Heinrich Koch and his wife
Friedel, my *second’ mother.

Working & Relaxing on the building site
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My Living at the Inner-German Border

1 Heringen (Werra) |

Wekershausen *
4
3
Lergers..
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Grown up directly at the Hessian border to, where the spoil heaps (200m above ground) from potash
extraction are no longer allowed to get higher than the surrounding mountains, 2024.
In this potash mine my father could finally again find work. This 4 years after the WW-II end!
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1967

Exclusion zone at the Philippsthal-Vacha zone border:

An exclusion zone was established on 26 and 27 May 1952. Its width was 5 km. This was the first
tighter lockdown. You were no longer allowed to enter this restricted area of the GDR (DDR) unless
you had a pass. The exclusion zone included a protective strip (500 m wide) and a control strip (10 m
wide) directly at the border. On 4 June 1962, GDR work detachments began to build a three-metre-
high wall from prefabricated elements on the banks of the Werra in Vacha, opposite of Philippsthal,
where contact between acquaintances and relatives from Philippsthal and Vacha had previously been
possible. (I still used this to visit relatives. In 1950 I was also able to have an operation on my
appendix in a clinic in Vacha). This meant that the former Hof3feld printing plant was divided into the
FRG BDR) and the GDR. With effect from 1 January 1976, however, this well-known "house on the
border" is no longer divided. The Hof3feld family regains the right to unrestricted use of the walled-
off eastern part of the printing house, which had previously been on the territory of the GDR, and the
inner-German border is laid around the outside of the house in an imaginary line. This meant that
Philippsthal was deprived of an attraction popular with border visitors, all acquaintances living
further away were brought there.
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Thanks to the eightieth anniversary celebration of our
common uncle, we two nephews were able to see each
other again in 1988 after 1957.

We could not imagine at that time that reunification
would come a year later.

We were very thankful!

Anyone who grew up directly on a border and had to suffer the increasing isolation between relatives
and friends can certainly understand that I was very interested in the Korean border which might
show differences (similar unfortunately in 2008) regarding this also a nation-separating border.

Looking at the Southcorean Building from the
Similar exclusion zone neutral demarcation place

Amber Room (Bernsteinzimmer) ‘Story’??

Transport of the real Amber Room from the Merkers Salt Mine by the US Armed Forces !?

In 1716, King Frederick William I, who was not very interested in art, exchanged the Amber Room
with Russian Tsar Peter I for tall soldiers. During World War II, the Amber Room was captured by
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the Wehrmacht in Saint Petersburg in 1941 and subsequently installed in the Konigsberg Castle
Amber Room. During the advance of the Red Army, it was removed in 1944 and has been lost ever
since. However, I found a handwritten message about the transport from the hidden safe place in the
potash mine Merkers, Thuringia, per train etc in direction USA
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Technical University of Hannover and Institute of Civil Mechanics

Costs of study, 5 years: 10000 DM, half of which was earned by myself.
Student flat: Unheated, the water froze in the washing bowl. (Central heating already available at
home).

Supporting Prof. Eugen Doeinck by preparing his
lecture tables. He had to stand in for his successor
Hans Kauderer, who died suddenly, for a while.

Traditional get-together with the new boss’ at the civil
mechanics chair, Theodor Lehmann

The traditional summer trip of the chair members:
Schafer, Hartung, Lohmann, de Boer, Schroeder, etc
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t1962) Christmas table round
Doeinck

or P The ‘inner Circle’ of the 120 students of civil
xercise engineering at TU Hannover

AR \ ey

Final measurement e

Frederick-Heinz Schroeder:
February 11, 1968
“What is this on your head ??”

Tensor analysis. On the way to becoming an engineer.
This is how we worked at the mechanics chair (1962), and
this was also the case on Sundays: In the unheated cold
student apartment the water in the washbowl froze.

The job title engineer supposedly appears for the first time in ‘Le Roman de Rou' by Robert Wace
(about 1150, citing H. Lange, Technik in Bayern 5/2004).
Following Google the term engineering is derived from the Latin ingenium, meaning “cleverness” and ingeniare,
meaning “to devise”. Engineering has existed since ancient times, when humans devised inventions such as the wedge,
lever, wheel and pulley. The term engineering is derived from the word engineer, which itself dates back to 1390 when
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an engine’er (one who operates an engine) referred to “a constructor of military engines.”
Later, as the design of civilian structures, such as bridges and buildings, the term civil engineering emerged to
distinguish between military engineers and those specialized in the construction of civil projects

Meeting of former colleagues

Numerical Analysis and Finite Element Analysis
Tools for practicing engineering in 1960-1968

v" Diploma work:

Application of an Arithmetic Stick (slide rule), the short one and for more precise

calculations the 25 cm long one
v’ Dissertation:

I could not finish my dissertation in 1967 because o and 0 where not clearly marked in the

coding which cost two months filled with despair
v FEA-Practice:

Later in the sixties, Finite Element Analysis came up, however, there was no commercial
tool available. The author had to beg for the building blocks of his intended program (in
experience for the program below at the DLR) at his old university in Hannover. To punch
cards was a must. Waiting for the result: One week.
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About the calculation accuracy:

»When calculating, it is always important to consider the accuracy that you either have to achieve
or can achieve. It is quite inadmissible to calculate with great accuracy if the nature of the task
either does not allow it or does not require it. If an approximate value contains superfluous
decimal numbers, it must be rounded. In some cases, more realistic but more complicated models
can be replaced by simpler ones that give a result with an acceptable error.*

Written by Bronstein-Semendjajev in 1960 in their famous booklet

Habilitation (1978) and Honorary Professorship (1998)
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Working in Civil Engineer Applications
My work in the Aerospace domain is compiled in [CUN 22].

Application-oriented engineer with a scientific touch for material modelling and with the
hope to be some bridge-builder between mechanical and civil engineering (construction).

Working as a bricklayer:

(right, example) Wall of a so-called facing masonry.
With piecework bricklaying, you were allowed to go
home faster. Weekly working hours were 45 hours,
overtime was gladly done because of the money, and
it was also concreted until Saturday evening. There
was no thought of 'work-life balance'. At the
weekend, you received the so-called pay packet from
the foreman. In this were billing, notes and
remaining coins.

{

Statik
] Supermiirkte

el W
rhigedd 2
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DGLR 1968-1970, German Society for Aeronautics & Astronautics

From DFL to DVL to DGLR

Christmas Festivity with Wolf Elber
(Father of the crack closure concept in
Fracture Mechanics, later director of a

NASA institute investigating the

Columbia Booster tragedy reasons).

Invitation of Wolf regarding our Ariane
Booster connection:
Our tang-clevis connection closes under
a hazard condition in contrast to the
Columbia design

FE-programming: Development of a Finite Element calculation program for the calculation of a
rotationally symmetrical (more was not possible) centrifugal compressor wheel. However, at that time, the
needed program modules for this had to be requested from friends at his former University at Hanover.

Spiter: Teilnahme an der Verabschiedung der grofien alten Dame der Stabilitiatstheorie
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MAN (New) Technology
Founded in 1969 as an independent research and development division of MAN AG.
Objectives at that time: Development of new products and techniques, engage intensively in basic
research, applying novel materials, open up new markets for the young division.

\
|

/

In deep discussion with Dr. Gernot Zippe Finite Element Analysis Meeting at MAN Neue
about ( I guess) UF6-uranium enrichment Technologie with heads Dr. LauRermair and H. Rauck

centrifuge questions
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The production of gas ultracentrifuges for UF6 enrichment
Centec
was completed at the end of the 80s. One reason was that the Minchen, 10th of December 1991

H
>
Z

|

failure rate was fantastically small

After 16 years of
successful cooperation
the mourning survivors

VM o

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 47


http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze
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Keen soccer and mountain hiking team Celebrating festivities together was an important fact

" Ein  MONSTER-Geburstagspest

i 1 owp FARBIER
mit LEBERKASE UND (3:4?"0“)

Bier- uwp sownsrices ‘GERAT *
MITBRINEEN
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Some MAN Project Activities

The slip of paper below was the start of my work at
MAN-Neue Technologie in 1970 regarding the development of the Ariane launcher family:
“Make a design proposal for an offer, please " (Thrust structure).

Offer for Europe 111 as the Forerunner of Ariane I and following Family
(nearly all structural parts during the Ariane launcher family Development had to be designed)

H Booster

] clevis-tang
joint

Tank-in-tank e
system -

unconventional

'nested’ tank

-

Front Skirt Ariane 5

Ariane Launcher 1-5
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W Adeptec inkd. Trean- und
Abwurimechanismus
Feststoffbooster
Adaptar nct. separation and
jottison system — solid booster %

= e

o )
BEE

Solar tower

Almeria

Solar field

Solar Farm Plant with tower. Wind Energy Rotor GROWIAN, 1980, 51 m blade,
GFRP shell ) with wind speed measurement facility
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1 reduced fraction
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Aeroman

C/Sic components

leading edge of wing

4
for X-38/CRV
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SOFIA telesope, ISS-linked structures

Small wind energy rotors 1980

HOOP WOUND COMPOSITE FLYWHEEL (CFRP) MANST

ET.’\ z 4:5 :

w ; Ku %
Fig.1

b jz 7. 1648

— -

N |

| /

st ‘{ Fig.2

{ ]
4 3
{ ) Fig.3
" 27
."/'.\_és\zj
y"{ — N
U Fig.4
Anspruch 1

Schleudertrommel fiir hohe Drehgeschwir
digkeiten mit einer diinnwandigen Trom-
melwand und mindestens einem mit der

Trommelwand verbundenen Deckel, dadurc
gekennzeichnet, daB der Deckel (12,13
in seinem Grundaufbau eine aus hoch-
festem Biech oder Band leiclt kegel-
formig geneigte Scheibe ist, deren Aus
senkontur flir den AnschluB zur Trommel
wand (11) einen Ringansatz (20) und
deren Innenbereich %22) fiir die Aufnal
oder Verbindung von Antriebs_ bzw.
Lagerelementen annghernd kegelformig
oder topfformig umgeformt ist.

2 =10

g o P
j ‘ S:u [ 16
18 F39-1
ee— {“E
——
14 \a
LJ' / Fig.2
71647 )

Fig.3 Fig. 4

Anspruch 1
ScEEeuEerfrommel mit mindestens einer

mit der Trommelwand veirbundenen ro-
tationssyrmetrischen Scheibe, dadurch
zekennzeichnet, daB die Scheibe (12,
13) am AuBenumfang ein im wesentlicher
zylindrisches Teil (20) aufweis$t, das
segeniiber dem Innendurchmesser der
Trommelwand mit HbermaB ausgelegt ist
und entlang einer Ringfléche wit der
Innenseite der Trommelwand (11) ver-
bunden ist, derart, daB die Scheibe bsg
Betrieb der Trommel aufhrund von Zen-
trifugalkridften eine Stiilphewegung
ausiibt, die Biegemomente der Trommel
an der Pligestelle im wesentlichen auf-
hebt.

n 14

Patentbeteiligung P 27 09 410.6-23“Thin-walled centrifuge cylinder (Schleudertrommel)”
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Building an own Home at Markt Indersdorf (north of Munich)
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Of course, the text content in the scientific chapters would have deserved a revision and harmonization,
but the author is becoming 86.

Creation of the ‘Failure Mode Concept’ (FMC, about 1996)........ccccuviiiiriiiiiiiiiinicice s 61
Interaction of Stresses by the application of Strength Failure Criteria...........ccoooeiiiineininee e 64
Material Symmetry and ‘Generic’ Number (material iNNerent?) ... 65
Direct use of a Friction Value p in the SFCs of Isotropic and UD materials ........c..cccoevevieiesinnieeieiese e 66
Material stressing effort Eff (WerkstoffanstrenguNQ) ......ccooveeireieieic e 68
So-called ‘Global’ SFCs and (failure mode-linked) ‘Modal” SFCs, Mode-interaction..........cc.ccccevveverennsnsnernne 69
Collection of Derived SFCs, Interaction of Failure Modes and a Multi-fold Mode............ccceovviinieincneen, 71
Validity Limits of UD SFC Application — Finite Fracture Mechanics (FFM) ........ccccovviiienniinieneinenecse e, 77
‘Curiosities’ regarding Classical Material MEChaniCs.........cciviiiiiiiiiiiiieiiesesee e 105
Automated Generation of Constant Fatigue Life curves considering Mean Stress Effect .........ccccccovviininecnen, 109
Evidencing 120°-symmetrical Failure Bodies of Brittle and Ductile Isotropic Materials ..........cc.ccooveneiiienennen. 116
Completion of the Strength Mechanics BUITAING .........cccoeiiiiiiiiiies s 122
Safety Concept in Structural Engineering DiSCIPIINGS .......c.coviiiiiiiiiiiinees e 123
Nonlinear Stress-Strain relationships, Beltrami Theory with Change of Poisson’s Ratio V........c.cccoeeveiiienecnen, 130
A measurable parameters’-based ‘Extended-Mises’ Model instead of a ‘Gurson” Model? .........ccoccvvvvierienneenne. 141
Note on Continuum (micro-)Damage Mechanics (CDM)........cccoiiiiiriiiieneise et 155
Multi-scale Structural modelling with Material Modelling and some ANalysiS..........cccoovveriiieniieneneeeee, 164
Some Lessons Learned from Testing and from Evaluation of Test ReSUItS ...........cccocvvviiiiiiiiicccccice e 170
2D-Laminate Design: Direct Determination of Tsai’s ‘Omni principal FPF strain failure envelopes ................... 174
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This document comprises results of the author’s never funded, non-supported research work performed in the
vacant time at industry and as retired person. He assumes no liability for damages resulting from application.

Foreword

This work is also widely AI-based, but
here with the meaning based on hopefully some
Astonishing Ideas.

Generative Deep Learning was necessary.

Findings of the author during his long-lasting Research Activities

Novel simulation-driven product development shifts the role of physical testing to virtual testing,

to simulation, respectively. This requires High Fidelity and therefore the use of reliable material
models. Simulation means: Imitation of the operation of a real-world process and model adaption
due to test information by performing many analyses.
Basic desire of the macro-scopically working structural engineer is a material model linked to an
ideally homogeneous material which might be isotropic or anisotropic. Connecting desire is: Be
provided with a clear Strength Mechanics Building in order to get a cost-saving basis due to only
analyze and test what is really physically necessary.

For the 3D-Demonstration of Strength are required - nowadays practically a must regarding the
usual 3D FEA stress output — validated 3D Strength Failure Criteria (SFC) rendered by 3D failure
bodies to firstly perform Design Dimensioning and to finally achieve Design Verification. All this is
targeted in the following elaboration. Pre-information on the basic focus here, UD material:

* The following figure displays some of the different strengthening fibers applied in construction,
and a comparison of a standard Carbon Fiber with a human hair.

Aramid A (Kevlar)

N—

thick
" hair
A /
. fk 7pm
. Carbon
N fiber
Carbon CF AF
\
v

Glass GF (AR glass= alcali-resistant in concrete) Basalt BsF (alcali-resistant in concrete by ZrO2)

* And the next figure shall provide for the applied stringent failure mode thinking the observed 5
failure modes faced with Uni-directional fiber-reinforced materials.
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In the above context:
Two basic features are faced by the structure-designing engineers, three types of surfaces

S |
- — — —
P I

smooth notched cracked

and the behavior of the material, whether it is brittle (about R® > =~ 3-R") or ductile.

DUCTILE

Ductile Fracture =

type of failure in a material or
a structure generally
preceded by a large amount
of plastic deformation

BRITTLE

One feels good until
Sudden fracture occurs

[Courtesy: Prof. C. Mattheck]

» Basic focus here: Smooth type structural parts.
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1  Creation of the ‘Failure Mode Concept’ (FMC, about 1996)

Aim: Creation of a Static & Cyclic Strength Mechanics Building as basis for all material and of practical,
physically-based SFCs.

Being since 1970 in the industrial composite business the author tried to firstly sort out in regular
discussions with Alfred Puck applicable SFCs for UD materials. Puck developed in 1990 his Hashin-
based Action-plane Inter-Failure-Failure SFC which was included in 2006 into the VDI 2014
guideline, sheet 3 (editor Cuntze).

Working with practically all material types the author was encouraged to find a Concept for all the
material families isotropic, UD and further orthotropic ones including dense with porous materials.

The finally developed so-called Failure-Mode-Concept (FMC) incorporates a rigorous thinking in
failure modes and can be briefly described by the FMC features, derived about 1995, which were the
basis for the development of Cuntze’s macro-mechanical SFCs:

« Each failure mode represents 1 independent failure mechanism and thereby represents 1
piece of the complete failure surface.

A failure mechanism at the lower micro-scopic mode level shall be considered in the
applied desired macro-scopic SFC

* Each failure mechanism or mode is governed by 1 basic strength R, only (witnessed!)
« Each failure mode can be represented by 1 SFC.

This further includes:

* Failure mode-wise mapping,

* Stress invariant’s-based formulation,

* Equivalent stress generation,

* Each neat failure mode is governed by just one strength R
and brittle materials, and

* All SFC model parameters are measurable entities! Each SFC represents a failure
surface, therefore for the originator the FMC will be the foundation upon which he

mode

, witnessed for ductile

physically based SFCs generated.

Hencky-Mises-Huber
(HMH)

Henri Tresca Richard von Mises  Eugenio Beltrami Otto Mohr Charles de Coulomb
1814-1885 1883-1953 1835-1900 1835-1918 1736-1806
Engineer Mathematician Mathematician Civil Engineer Physician
‘Onset of Yielding' ‘Onset of Cracking (fracture)

Fig.1-1: Some pioneers which set up strength failure hypotheses (ductile, brittle)
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In the case of brittle materials the failure surface is the surface of a fracture failure body. Such a
surface is determined by the peaks or ends of all failure stress vectors. The surface is mathematically
defined by a Failure function F, which becomes 1 at ‘Onset-of-Failure’. F = 1 is the formulation of
the SFC (mathematically, we write a condition). Fig./-1 above presents the pioneers in the isotropic
SFC field.

The author’s idea was to create physically-based SFCs and to note his Lessons Learned LL during
the elaboration. The FMC was originally derived for UD materials because there was the big demand
at that time. The employed stress invariants shall be presented via isotropic knowledge:

Beltrami, Schleicher et al. assumed at initiation of yield that the strain energy (denoted by W) in a
solid cubic element of a material will consist of two portions:

W= /{‘7} {etd{e} = Wyq + Wihape with {O-}:(O'li0'2’0'3172317131712)T-

Including Hooke's law in the case of a transversely-isotropic (UD solid) the expression will take the
form, using sy := compliance coefficients, E:=elasticity modulus, v:=Poisson’s ratio,
W =[S1 1012 + Spp "Gp? + Sg3 032 + g4 Tp32 + g5 (1102 + 113%)] / 2 + 51p°(51 05 + 61 O3) +

82302 63 - I12 + |22-(1_VJ_J_)_ VJ.H'|1‘|2 + |3 n |4'(1+VJ_J_)
2-F 4-E E 2:G, 4E,

volume volume  volume shape shape

with the invariants Il = Gl, |2 =0y + O3 ; |3 = T312 + T212 ; |4 = ((52‘63)2 + 4T232 ;

|5 = (0 - 53) (1312 - T21°) - 4T3 T31 Tp1.

In the isotropic case analogously follows, however simpler,

W = {1—21/ |02 +2+2v3\];50} | 2E
3 3
volume shape

with 1% =f(o) = SIRASTRETTE 63, =1(z) = (6,-6,)2+ (o), - )2 + (5}, - 52

It is known, both portions in the bracket above are used to formulate a failure function
A-2v)- 112 (2+2v)-33%
) 52 +C- 52 '
3R 3R
volume shape

F=c

Fig. 1-2 below displays for the 2 material families above the physically-based choice of invariants:
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From Beltrami, Mises (HMH), and Mohr / Coulomb (friction) can be concluded:

Below invariant terms - used in a FMC-based failure function F-can be dedicated to
a physical mechanism in the solid = cubic material element:

- volume change : 112 ... (dilatational energy) relevant if porous IJZ , ]:22'
- shape change : J, (‘Mises’) ... (distortional energy) relevant if ductile ;.14
- friction : Il\__ ... (friction energy) relevant if bﬁrrle//’/ I ig*;:;er,
stress fm‘?fx_:fams.' isotropic materials //’?;.Fdi.d UD materials
.\___\ ﬂ///
Mohr-Coulomb ° ol

These I, are different !

Fig.1-2: Reasons for choosing invariants when creating FMC-based SFCs

Exemplarily, the isotropic SFC model, spanning up the fracture body in the compression domain,
shall be used for demonstration. The complete SFC reads:

2
I I
Shear Fracture SF, 1, <0: F¥ =F7 =¢ @, +C, = +¢, L_—lj :
1 RC RC
Herein, the first part of the SFC represents the shape change, the second the friction effect, the third
the volume change and the non-circularity parameter ®, describing the inherent, nevertheless often

not known 120°-symmetry of the failure bodies of isotropic brittle and ductile material, too (see a
later chapter).

Above invariants can be formulated in 3D structural component stresses, in principal stresses and in
Mohr stresses, which will become essential when deriving a stress state-caused fracture angle and the
so-called cohesive strength..

Note, please: Strength notations

R means strength (resistance) in general and further Strength Design Allowable used for Design Verification. R means
average strength used for modelling, mapping of the course of test data.

LL: Similarly behaving materials possess the same shape of a fracture body using the same SFC!
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2 Interaction of Stresses by the application of Strength Failure Criteria
Aim: Provision of a failure mode-based stress-interaction (‘Modal’) and not a mathematical global one.

The derivation of the FMC-based SFCs builds up on the hypotheses of Beltrami, Hencky-Mises-
Huber (HMH) and Mohr-Coulomb. Therefore the depicted SFC approaches consider, that the solid
material element may experience, generated from different energy portions, a shape change (HMH), a
volume change and friction. FMC-based SFCs will be given for a large variety of isotropic brittle
structural materials such as porous Concrete Stone, Normal Concrete, UHPC sandstone, monolithic
ceramics and for the transversely-isotropic fiber-reinforced polymers Lamina (ply, lamella) and
finally orthotropic fabrics inclusively fabric ceramics, see [CUN22, Cun23a,24b].

Since two decades the author believes in a macroscopically-phenomenological ‘complete
classification’ system, where all strength failure types are included, see the figure below. In his
assumed system several relationships may be recognized: (1) Shear stress yielding SY, followed by
Shear fracture SF considering ‘dense’ materials. For porous materials under compression, the SF for
dense materials is replaced by Crushing Fracture CrF. (2) In order to complete a mechanical system
beside SY also NY should exist. This could be demonstrated by PMMA (plexiglass) with its chain-
based texture showing NY due to crazing failure under tension and SY in the compression domain,
[see subsection 9.1 or CUN22,§4.1]. The right side of the scheme outlines that a full similarity of the
‘simpler’ isotropic materials with the transversely-isotropic UD materials exists.

macro-scopic &
[ [ | 4\‘6\‘0‘;\&
‘ Stability ‘ ‘ Strength ‘ I Deformation | . o
Lamina (ply)

strength ‘ Jailure modes
: o 1di |
‘ Onset of Yielding ‘ | Onset of Fracture l onset of matrix yielding
| | I I I Onset of Fracture | is generally not applied
Shear Normal Shear Normal | |Crushing — ]
Stress Stress || Fracture| Fracture |Fracture Crashi
Yielding | | Yielding Normal | Shear e
= = CrF
- NY || SF NF CrF NF =l
o vittle vittle brittle,
diichle, dhctile, || brittie or brittle, brittle, b_l””/" b/'fm(,' s
denge dense ductile , dense or porous aeilse fene '
(PMMA) - porous FF1,IFF1,  FF2, IFF2, IFF3

v — W,

+ delamination failure of laminate

Fig.2-1.: Scheme of macro-scopic strength failure types and modes of isotropic materials and
transversely-isotropic UD-materials (Cuntzel998)

LL:

* Failure behavior of Fiber-Reinforced materials is similar to isotropic ones

* Principally, instead of stress-based SFC, strain-based SFC might be applied if the full stress-strain history is
accurately considered. However, just limit strain conditions are used in pre-dimensioning (822), because the
certification process is stress-based.
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3 Material Symmetry and ‘Generic’ Number (material inherent?)
Aim: Consideration of the available material knowledge.

During the derivation of the FMC a closer look at material symmetry facts was taken whereby the
question arose: “Does a material symmetry—linked Generic Number exist with a number 2 for
isotropic and 5 for UD materials?

Under the design-simplifying presumption “Homogeneity is a permitted assessment for the material
concerned” and regarding the respective material tensors, it follows from material symmetry that the
number of strengths equals the number of elasticity properties! Fracture
morphology gives further evidence: Each strength property corresponds to a distinct strength failure
mode and to a distinct strength failure type, to Normal Fracture (NF) or to Shear Fracture (SF). This
seems to mean, that a characteristic number of quantities is fixed: 2 for isotropic material and 5 for
the transversely-isotropic UD lamina (= lamellas in civil engineering). Hence, the applicability of
material symmetry involves that in general just a minimum number of properties needs to be
measured (benefits:& test cost + time) which is helpful when setting up strength test programs. =
Witnessed material symmetry knowledge seems to tell: “There might exist a ‘generic’ (term was
chosen by the author) material inherent number for”:

Isotropic Material: of 2
- 2 elastic ‘constants’, 2 strengths, 2 strength failure modes fracture (NF with SF) and 2
fracture mechanics modes (defined as modes, where crack planes do not turn)
- I physical parameter (such as the coefficient of thermal expansion CTE, the coefficient
of moisture expansion CME, and the friction value u, etc.)
Transversely-Isotropic Material: of 5  for the these basically brittle materials
- 5 elastic ‘constants’, 5 strengths, 5 strength failure modes fracture (NFs with SFs)
- 2 physical parameters (CTE, CME, u11, uy) etc.).
Orthotropic Material: of 9 (6).

This looks to be proven by the investigation of Normal Yielding NY of plexiglass and (theoretically)
by a compressive fracture toughness Ky,© for a brittle material with an ideally homogeneous state at
the crack tip [see section 9 or CUN22§4].

T
T A o
W3 ! F
A —1
/T TFW
S WF Xg*
Z A

isotropic transversely-isotropic rhombically-anisotropic

T T
{o'}: (0005730 T0) {O'}: (01,05,03,T53,T13,Ty;) ‘{O'}: (O'n-'aO'Fao'z>73F>T3n'=71~—.r*)r

Fig.3-1: Presentation of the stresses faced with the envisaged three material families

LL: A ‘generic’ number seems to be inherent for the different material families, as the author found.
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4 Direct use of a Friction Value p in the SFCs of Isotropic and UD materials
Aim: Direct use of the measurable p instead of applying a p-hiding friction model parameter.

Mohr-Coulomb acts. Therefore, in the case of compressed brittle materials the effect of friction is to
capture, which usually is performed by ‘fictitious’ friction-linked model parameters. Such a model
parameter for friction, here the a or the b in the SFC, can be replaced by the measured u. In
order to achieve this, the very challenging task to transform an SFC in structural stresses into a SFC
in Mohr stresses had to be successfully to be performed [Cun23c, Annex?]. Ultimately, an engineer
prefers the application of a measurable and physically understandable value p, especially, because it
does not scatter that much, and this is essential in design.

For isotropic materials this direct use is depicted in Zable 4-1.

Table 4-1, Isotropic materials: Simple 2D formulation

Assumption: Fracture failure body is rotationally symmetric like Mises yield body.
l,=(c, +o,+0) = f(o), 6J,=(c,-0,) +(c, -0 +(0-0,) = f(7)
* Normal Fracture NF, 1, >0 o * Shear Fracture SF, I <0

1

Strength Failure Criterion (SFC), mode interaction exponent m =2.7, 4 =0.2

. Y43, - 17 13+, ol IR (e L) +12.0F 33, o

Z-Rl Rt 2_RC ﬁc '
¢ =1+¢;, ¢ =(1+3-u)/(1-3-p) from u = cos (2-6;°-7/180 ).
Eff =[(Eff ") +(Eff ")"]"  — fo. = 1/ Eff.

For UD material, this is executed within the full SFC set in the Table 4-21:

Table 4-21, UD materials: 3D SFC formulations for FF1, FF2 and IFF1, IFF2, IFF3and 2D

FF1: Efflo = &,/ F_QH‘ = ol / F_QH‘ with &, = & -E, (matrix neglected)

Eff"= -6, IR} = +o/ R with &, = & -E

eq

IFF1: Eff = [(0, +0,) + \/022 ~20,-0,+0," +41,,° 11 2R} = o ! R

IFF2: Eff*" = [a,, (0, +0,) + by, \Jo,’ —20,0, + 02 +47,°] IR® =0 IRE

IFF3: Eff I ={[b,, - 1,55+ (\/bL”Z Ay +4-Ry* (g +73)° 11 (2-R)¥° =0, IR,

eq

.
mode | __ |l Iz lo 1z 1L _ 2 2
{O-eq } - (O-eq ' Geq’ Geq ' O-eq ' O-eq ) ’ |23—5 - 20-2 Ty + 20—3 T3y + 42—23731721

Inserting the compressive strength point (0, -R¢) = a,, =, /(l—-pu, ), b, =a, +1

from a measured fracture angle — 4, = cos (2-6;°-7 /180 ), for 50° —» u = 0.174.

b,, =2- 4, . Typical friction value ranges: 0< <025 0<pu , <0.2.
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IFF3 Fracture body = Surface of all
fracture surface IFF ; fracture stress vectorpins

v, =04
v, =03,
— M, 02,
M. =02

o=
x31l‘3 L

2D {0}=(0:.0:.0.0.0, 7,,))"

Y 7 T
/}.3'?//2,1/,1; i

T3

R = general strength and also the statistically reduced 'strength design allowable

R = bar over R: means average strength, applied when mapping
Fig.4-2: From a 2D failure body to a 3D failure body by replacing stresses by equivalent stresses

The upper figure displays the UD failure body as the visualization of the associated SFC set. The
lower figure documents that if moving from the ply stresses to the mode-linked equivalent ply

stresses one keeps the same UD failure body, usable now as 3D failure body!

R g

Fig.4-3,Friction driven shear fracture planes at extreme length scales.anes : Facture angles of the brittle
materials Rock material, Carbon fiber [K. Schulte, TU Hamburg-Harburg], Ductile metal compression cut from
a single crystal (deformed pillar after compression testing. Monnet, G. & Pouchon, M. A. (2013), Determination of

the so-called critical resolved shear stress and the friction stress in austenitic stainless steels by compression of pillars
extracted from single grains', Mater. Letters 98, 128-130) and laterally compressed UD-CFRP

LL:

* Often, SFCs employ just strengths and no friction value. This is physically not accurate and the undesired
consequence in Design Verification is: The Reserve Factor may be not on the safe side..

* In contrast to the ‘doing’: Friction must and can now be directly considered by the measured p

* Friction occurs similarly over the scales.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 67



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

5 Material stressing effort Eff (Werkstoffanstrengung)

Aim: Generation of a physical basis for the interaction of failure modes and for an excellent understanding of
a failure body (Eff = 100%) with multi-axial strength (capacity) values.

If several failure modes are activated by the stress state then the application of the so-called
material stressing effort Eff is very helpful (in German: Werkstoffanstrengung. This artificial name
had to be created in the World Wide Failure Exercise on UD-SFCs, together with the UK-organizers,
because an equivalent term to the excellent German term is not known in English).

The full Eff consists of all mode portions Eff ™. It works analogous to ‘Mises’

Eff yield mode _ O_el\éllses / R0.2 - Eff fracture mode _ G;r]acture mode /R .

The contribution of each single Eff ™ informs the designing engineer about the importance of the
single portions in the SFC and thereby about the critical failure driving mode and thereby outlining
the design-driving mode.

Whereas the structural engineer is more familiar with the equivalent stress the material engineer
prefers above ‘material stressing effort” Eff. The terms are linked by o™ = Eff ™% . R™*,

The use of Eff supports ‘Understanding the multi-axial strength capacity of materials’ (Fig./3-4):
For instance, 3D-compression stress states have a higher bearing capacity, but the value of Eff
nevertheless stays at 100%. Consequently, this has nothing to do with an increase of a (uniaxial)
technical strength R which is a fixed result of a Standard! The
following fracture test result of a brittle concrete impressively shows how a slight hydrostatic
pressure of 6 MPa increases the strength capacity in the longitudinal axis from 160 MPa up to 230
MPa - 6 MPa = 224 MPa. Thereby, the benefit of 3D-SFCs—application could be proven as the
fracture stress states below depict both the Effs are 100% :

o =(0y, oy, o ) =(-160, 0, 0)" MPa <> (-224—6, -6, —6)" MPa.
Because both the Effs are 100% for (—160, 0, 0)" and for (—224—6, -6, —6)' [CUN, §5.5]!

This can be transferred to the quasi-isotropic plane of the transversely-isotropic UD-materials,

o0, — 03, see [Cun23c], and to the orthotropic CMC fabric, when beside shear 7, the compressive

stress oy, acts together with of and both activate friction on the sides [Cun24b].

LL:
The physically clear-based quantity Eff gives an impressive interpretation of what 100% strength
capacity in 1D- 2D- and 3D stress states physically really means.
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6 So-called ‘Global’ SFCs and (failure mode-linked) ‘Modal’ SFCs, Mode-interaction
Aim: Shortly explaining the difference of ‘Global’ and ‘Modal’ SFCs.

There are a lot of possibilities to generate SFCs. Fig.6-1 presents a survey:

Failure Criteria

macro —ddi)1(lg€
fracture mechanics-based

damage-based
micro— damage

stress or strain-based

non-interactive interactive single mode  mixed mode
Ky =Kp. Ky, Ky, (1,>0)
interpolation Cuntze's basic fracture toughnesses
max stress "Global" Kpr (4 >0, K, 4, < 0)
max strain physically based

"Modal"

Fig.6-1: Possibilities to generate SFCs when following Klaus Rohwer [Rohwer K.: Predicting Fiber Composite
Damage and Failure. Journal of Composite Materials, published online 26 Sept. 2014 (online version of this article can
be found at: http://jcm.sagepub.com/content/early/2014/09/26/0021998314553885]

Present so-called interacting SFCs are a sub-part, which can be basically separated into two groups,
‘global’ and ‘modal’ ones. The HMH yield failure condition is a modal SFC that captures just one
failure mode. The author choose the term global as a ”play on words” to modal and to being self-
explaining. Global SFCs describe the full failure surface by one single mathematical equation. This

means that for instance a change of the UD tensile strength F_Qi affects the failure curve in the
compression domain, where no physical impact can be. Global SFCs couple physically different

failure modes whereas modal SFCs describe each single failure mode and therefore will better map
the course of test data and not lead to a wrong Reserve Factor in any mode domain:

1 Global SFC F({o}.{R})=1 mathematically ‘married’ modes

Set of Modal SFCs  F({c} ,{RmOde}) =1 single mode formulations.

In the case of modal SFCs (such as the FMC-based ones) also equivalent stresses can be computed,

like ‘isotropic Mises’, {Gga(’de} = (G!qg, G!a, Gean’ O';T, O'(!é )T

and this is advantageous for design decisions. Within a ‘global’ SFC formulation all modes are
mathematically married. This has a very bad impact: Each change, coming from a new test
information for any pure mode, has an effect on all other independent failure modes and might
include some redesign, see the full change of the ZTL-curve in Fig.6-2. Such a bad impact is never
faced using a ‘modal’ formulation, like the FMC one.
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R -R Rc o, (— _F) o T | | 20| w| 7| _1
it R/ RY R, ,—p,0,)

Fig.6-2: Modelling example, impact of a novel test information in the mode IFF1 considering a global (ZTL-
SFC, still used in the HSB) and a modal SFC,

Considering the shortcomings of ‘global’ UD SFCs, my friend John Hart-Smith cited:

“It is scientifically incorrect to employ polynomial interaction failure models (the ‘global’ ones),

if the mechanism of failure changes”!

Of course, a modal FMC-approach requires an interaction in all the mode transition zones. This
is performed by a probabilistic approach, using a ‘series failure system’ in the transition zone of
adjacent modes NF with SF, reading

T/(Eff mED™ L (Eff™* )" + ...=1=100%  for Onset-of-Failure

and applying a mode interaction exponent m, also termed rounding-oft exponent, the size of which is
high in case of low scatter and vice versa. The value of m is obtained by curve fitting of test data in
the transition zone of the interacting modes. Experience delivered that 2.5 <m < 2.9.

With the FMC-based SFCs for the three ‘material families’ available multi-axial fracture test data
were mapped by the author to validate the SFCs being the mathematical descriptions of the envisaged
fracture failure models. For a large variety of materials the associated fracture bodies were displayed
in later chapters with distinct cross—sections of them, for instance for the isotropic applications:
Principal stress plane, octahedral stress plane and tensile and meridian planes. Various links or
interrelationships between the materials could be outlined.

LL:

* So-called ‘Global’ SFCs couple physically different failure modes whereas the Modal SFCs
describe each single failure mode and therefore will better map the course of test data and not lead
to a wrong Reserve Factor

* Here, global and modal have a similar level of abstraction, as in the case of stability the terms
‘global’ and ‘local’ have

* Similarities between the materials could be found

* The surface of the failure body reads: F =1, for a ‘global’ formulation and Eff =1 for a ‘modal’
formulation.
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7 Collection of Derived SFCs, Interaction of Failure Modes and a Multi-fold Mode

7.1 Presentation of the derived Failure Mode Concept-based Strength Failure Criteria
Aim: Provision of SFCs which were derived on the same concept basis.

For the mentioned three material families the associate SFCs are tabled on the following pages:

| a : 3D-isotropic SFCs of dense Isotropic Materials for NF and SF, 120°-rotational symmetry

2 modes — 2 SFCs, is in line with ‘generic’ number according to the FMC.

Normal Fracture NF for 1, >0 © Shear Fracture SF for 1, <0

4),-0" —17/3+1 6J,-©%F |
Fat:FNF:CNF‘®NF.\/ 2 Z.F?tl 1 PN FTCZFSF:Cfg'Zzﬁ—cz-’_CZSE)'ﬁ_lc:l
e o V92O UL o e 6Ly L) veg 120,07 o
2-R' R 2-R° R®

If a failure body is rotationally symmetric, then ® =1 like for the neutral or shear meridian.
A two-fold acting mode makes the rotationally symmetric fracture body 120°-symmetric and is
modelled by ®(J,) using the invariant J, and ® as non-circularity function with
d as non-circularity parameter

O = +d" sin(39) = 1+ 15-43-3,-3,°, 0T = {14d¥ -15.3.,-9,7°
Lode angle &, here set as sin(3-9) with ‘neutral‘ shear meridian angle set $=0°;

tensile meridian angle 30° — " = §/1+d*" - (+1) ; compr. merid. angle -30° — ©F = 43/1+ d* - (-1) .
Equation of the fracture failure body: Eff =[(Eff "*)™ + (Eff )"]" =1=100% total effort
r T/(CNF 43,0 113 o (cjg TN R L)’ +op 123, 07 oot
2-R 2-R°
Curve parameter relationships obtained by inserting the compressive strength point (0, -R°®, 0):
* Rotationally symmetric: ¢" =1+c¢;", d* =0, friction parameters are equal C;" = cj,
=Coo ~(L+3- 1)/ (1-3- ) from u = cos (2-6¢,°- 71180 ) and for 50° — = 0.174.
* 120°-rotationally symmetric: ¢® =1+c5" m with
c"F ,®"F from the two points (R', 0, 0) and (R",R", 0) or by a minimum error fit, if data,
¢ ,®% from the two points (—R®, 0,0)and (-R*,-R*, 0) or by minimum error fit .

SF
C2

J23, -0
A paraboloid serves as closing cap I—l_ =™ . (——)*+ maxll .
J3-R' R V3 R'
L, =(0, +o, +0,) = f(0), 6),=(0,-0,) +(0o, —0,,)" +(o), —0,)" = f(7)

21);= (20, -0, —0) (20, -0, -0,) (20, -0, —0,) .
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I b : 3D-isotropic SFCs of dense Isotropic Materials for NF and SF, 120°-rotational symmetry

Table I b collects all information necessary to design dimension a porous isotropic material like a
foam or a concrete stone. These materials experience 120°-rotational symmetry.

‘Porous’ isotropic material: SFC formulations for NF and CrF, 120°-rotational symmetry

Normal Fracture NF for I, >0 © Crushing Fracture CrF for 1, <0
ENF _ oNF . @NF ,\/4‘]2 -®N2F _ﬁtllz [3+1, — 1 FCF _ CF . @CF ,\/4*]2 '®C2rF %Cllz 3+ |11
NF p v
. .\/432 O I3l ok e _\/4J2 0% — 11341, _of" |
2-R' R 2.R¢ R®

If a failure body is rotationally symmetric, then ® =1 like for the neutral or shear meridian, respectively .
A 2-fold acting mode makes the rotationally symmetric fracture body 120°-symmetric and is modelled
by using the invariant J, and ©® as non-circularity function with d as non-circularity parameter

OV = if1+d"¥ sin@9) = {L+d1543-9,-3,F o 0% =14d 15439, .9,

Lode angle 4, here set as sin(3 - ) with ‘neutral® (shear meridian) angle $=0° (—> ©® =1) ;

tensile meridian angle 30° — ©"" =3/1+d"" - (+1) ; compr. mer. angle -30° — @ = 3/1+d°" - (-1) .
Mode interaction — Equation of the fracture body: Eff =[(Eff "F)™ + (Eff ¥)"]™ =1=100%
Eff = rQ/(cNF 42,0 1 /3¢ ym (e A4, 07 113 =g
2-R' 2-R°
Curve parameter relationships obtained by inserting the compressive strength point (0, -R¢, 0):

* Rotationally symmetric ® =1 d* =0, ¢} =1+c)"

* 120°-rotat. symmetric @ =1 ¢ =1+c¢5 -31+d*¥ -(-1) , with
c"F ,®" from the two points (Iit, 0, 0) and (ﬁ“, R", 0) or by minimum error fit, if data available,
¢ ,O%F  from the two points (—R°®, 0,0) and (-R“,-R®,0) or by minimum error fit.

The failure surface is closed at both the ends: A paraboloid serves as closing cap and bottom
I—l_ _ g _(‘/2J2_'®NF v maxll ’ |1_ _ ghot .(4/2\]2_. e°F "o minl_l
J3-R R' J3-R J3-R R! J3-R

Slope parameters s are determined connecting the respective hydrostatic strength point with the

associated point on the tensile and compressive meridian, max I, must be assessed whereas min I,

can be measured. R is normalization strength.
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11 : 3D-SFCs of (quasi-)Brittle Dense UD Materials

5 modes — 5 SFCs, is in line with ‘generic’ number according to the FMC. IFF1 generates a
straight line in the stress plane!

t

1

&

iy

FFL: Eff"= 6,/R = o5 IR with &, -E, (matrix neglected)

Eff" = -6, /R = +ol /| R} with &

N

C
& - EH

IFF1: Eff 7 = [(0, +0,) + \/02 —20,-0,+0, +41,1/12R] = 0.7 IR}

IFF2: Eff " = [a,, -(0, +0;) + b, \Jo,’ —20,0, + 0, +4r,°] IRS = IR
IFF3: Eff " _{[bJ_H 23-5 +(\/ AE I 23 5 ‘44 R¢||2 (731 +721) ]/(2 RJ_|| )}05 - O'lH / RJ_H

d o 1o It 1\ 2 2
{O'égo e} = (O-(Ielq , Gclelqv Ogq 1 Ogq s O'gq ) v Ny s =20, 7y + 20, Ty + 47,5747,
Inserting the compressive strength point (0, -R$) — a,, =, /(l-u, ), b, =a, +1
from a measured fracture angle — 4, = cos (2-6;°-7 /180 ), for 50° — u = 0.174.

by, =24, . Typical friction value ranges: 0< u, <0.25, 0<u , <0.2.
Interaction Equation:

Eff" = [(o""’ / R )" +(o"'f / F?HC)m + (o ! RI)™ + (o /R D"+ (oy' Rl”) ]

or Eff = m/(Effm"d“)M (Eff™*2)" 4 . =1=100% for Onset-of-Failure .

As abbreviation, 1, -1, —I; = I, . is used. In the equations above, R denotes an average = typical
strength value that should be used for the stress-strain curves in stress and deformation analysis. In
the design verification the statistically reduced strength values are applied. The superscripts t, ¢ stand
for tensile, compressive. The superscripts 7 and * mark the type of fracture failure whether it is
caused by a tensile stress (Normal Fracture, NF, ‘cleavage') or a shear stress (Shear Fracture, SF), e.g.
due to a compressive normal stress o or a transverse normal stress o .

Failure activated in two directions is considered by adding a multi-fold failure term, proposed in

[Awa78] for isotropic materials. It can be applied to brittle UD material in the transversal (quasi-
isotropic) plane as well.

For the 2D-case, a simplified friction modelling (IFF3) is possible:

Eff " = [(Eff )™ 4+ (Eff 7)™ + (Eff 7)™ + (Eff +*)™ + (Eff “1)™] with the mode portions inserted, 2D,

(O- +‘O_‘) ('01+‘O-1‘) m o, +‘O-‘ m ‘Tﬂ‘ m %ﬂ
= [ + 2-Rf ) (ZR AR 2-R} (Rl”+O.5~yi”-(-0'2+‘02‘))]

"o, +‘O_‘)m
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11 b: 3D-SFCs of (quasi-)Brittle Porous UD Materials

This practically meets just IFF2. The table below shows the difference.

* IFF2 Failure Function for the dense UD material (for comparison)
F* =[a,, -1, + b, -JI,] /R =1 with a,, =b,, —1 after inserting R,°

[a,, (o, +03) + by, ‘\/(02 —0,)° +41,8°] IR} =1

= [a,, (6, +055") + b, -\/(0'2pr —05")?>+0%] /R® =1 <« 2structural stresses
* IFF2 Failure Function for the porous UD material (index por, author's simple approach)

SF 2 2 2 DC _
Fporosity =\/aJ_J_p0r ) IZ + bJ_J_por ’ I4 - aJ_J_por ) I2 ] /2RJ_ =1.
The two curve parameters are determined - as before performed - from insertion of the

compressive strength point and from the bi-axial fracture stress point.

Mind: In contrast to an isotropic dense material the fracture body of a compressed dense UD-material

has a closed bottom fracture surface, because the filaments may break under the tensile stress caused

by biaxial compression due to the Poisson effect, when € axial = gH" .

111:_3D-SFCs of the Orthotropic Fabrics, (see [Cun24b])

9 modes — 9 SFCs. This is in line with Cuntze’s ‘generic’ number 9 according to the FMC.
In this context, my thanks to Roman (Prof. Dr. Keppeler, UniBw; formerly Siemens AG).

Fabrics lamina stresses: X3 G,
f _ = T 3F
WO S tamica = (Ow:0F: 0 Tap - Ty - Tpyr) [ T
7 : |
Fabrics lamina strengths: TR 't _2'
|
i T
{R} = vector of mean strength values O\P,)J—Z 1ty g
/ 57 :
)' xW n _P ne nr ne n _P N n n ¢ /‘&‘
(R} = (Ry. Ry. Ri. Ri, Ryp, R;, R, Ry, Ry)

The following table includes the FMC-based SFCs for porous orthotropic (rhombic-anisotropic)
materials composed for instance of 2D-woven fabrics. Three essential 2D-woven fabrics (Atlas or
Satin) are depicted

warp

fill
(weft)

plain weave fabric twill fabric atlas fabric
(Leinwandbindung) (Képerbindung) (Atlasbindung)
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Eff :[Ll?—""'jm _'_[_ Ow +_|C:_w|jm +(GF +l?-F|jm +(_O-F +_|CGF|]m +[_ |TWF| ]m
2-R, 2-R, 2-Rg 2-Rg RWF_/L’\NF'(UW+UF)

m m m m
{03 +|_a3|j +[—03 +_|03|} +(_|T3—W|j +(_|T3—F|j = 1= 100% .
2-R3t 2-R; Ray — oy O35 Ry — 1. 05

For a cross-ply fabric with Warp =Fill - R;, =R{, R; =R, the inter-laminar Effs, suffix ,,
vanish and just the in-plane (intra-laminar) Effs remain.

The range of parameters is for the interaction-exponent 2.5 <m < 2.9, and since the strong

porosity-dependency is very different — recommendation: g, <0.2 , u, <0.2.

7
If o is also active, this double mode contributes via ( = e | — J :
Rir = thye * (o +0%)

Modelling of laminates may be lamina-based (basic layers are UD layers), sub-laminate-based
(semi-finished non-crimp orthotropic fabrics) or even laminate-based. Thereby, modelling
complexity grows from UD, via non-crimp fabrics (NCF) through plain weave and finally to the
spatial 3D-textile materials. Model parameters are just the measurable technical strengths R and the
friction values u, and on top the Weibull statistics-based interaction exponent m. The value of u
comes from mapping the compression stress-shear stress domain and of m by mapping the transition
zone between the modes. A good guess is m = 2.6 for all mode transition domains and all material
families. Model parameters are just the measurable technical strengths R and the friction values ,
and on top the Weibull statistics-based interaction exponent m. The value of 4 comes from mapping
the compression stress-shear stress domain and of m by mapping the transition zone between the
modes. A good guess is m = 2.6 for all mode transition domains and all material families.

Validity Limits of UD SFC Application

Visiting the angle:

| am sure that this hose had to
be replaced!
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Experience:

The 4 m long caiman mother Maria observes the Limit “No trespassing (No pase!)”.
Maria stopped at the tape, marked with “No pase*“!
That behavior was very good for the personal health of my friend Eddi
(he unfortunately fell in front of her snout while running away).

We learn from this:

Engineers should always observe the limits set by specifications etc.
This is good for ‘structural health’ or Structural Integrity, respectively.
And: This fully meets the SFC applications.

My present feeling considering the 3D-applications:

Much is reached with plenty of effort!
However, much more effort is required for the 3D-Validation. Test Data are missing.

Only when you get ‘higher" the real ‘peaks’ do appear:
3D-applications are much more challenging.
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8 Cracking at statically-loaded Notches using FM and Finite Fracture Mechanics (FFM)
Aim: Giving the user some advices regarding the so-called ‘Open Hole Panels’.
Summary

Full Design Verification requires the verification of Strength and of Damage Tolerance in the case
of potentially cracked (macro-damaged) statically-loaded structural components under sudden
overloading.

The Strength Analysis (SA) requires that the effective multi-axial stress state is not above the given
Strength Design Allowable and the Damage Tolerance Analysis (DTA) the same for the so-called
residual strength of the structural component containing a pre-crack.

Lying between Strength analysis and Fracture Mechanics (FM) analysis ‘Onset-of-Cracking’ (OoC)
is experienced at stress concentration sites such as notches like open holes in a panel of a sufficiently
brittle material. In this context, Leguillon’s Hypothesis [1] says

“A (generating) crack is (becomes) critical when and only when both the released energy
and the local stress reach critical values along an assumed finite crack”.

This novel hypothesis, ‘Neuber’-improving, shall be presented here. It captures the prediction of the
instantaneous OoC. The name of the tool is Finite Fracture Mechanics (FFM), see Fig./. It predicts
for notched components that loading level where the Strength Failure Criterion (SFC) equals the FM
criterion or it determines as a coupled (hybrid) stress-energy criterion the critical loading that causes
the finite crack size Aa;. Because FM is one part of the FFM as introduction and for better
understanding at first the well-known FM analysis tool R-curve shall be presented.

smooth structure notched structure “transition domain” cracked structure
stress concentration |  ‘onset-of cracking’ stress intensity
n r
O steep stress decay Neuber method assumed crack, FFM real pre-cracks, FM
SFC . ) o . ,
(up to now) (novel replacement) no hole’ and ‘with hole

Fig. 1: Stress situations in a structural component

Fig.2 visualizes the task to be solved. For practical application the concept of a linear-elastic stress
intensity factor K may be sufficient and is usually applied. Coordinates used are depicted.

i , [ TTTTTTe

d

i
Aa
2a,
o
= -+ -l

Fig. 1: Plate strip with a central open hole and an existing through crack of the size a = a,- r.
(left) characterization of an open hole panel with existing crack , w= plate width, t = plate thickness, (center)
crack growth details in the case of slight crack tip yielding w of not fully brittle materials,
(right) o = remote tensile stress, leading to cracking for o = oy, , 4a = assumed FFM crack , d = 2r
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Key Words: Residual strength, critical crack length, R-curve, Finite Fracture Mechanics, coupled
criterion.
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Luftfahrt-Technisches Handbuch (LTH): HANDBUCH STRUKTUR BERECHNUNG (HSB) Fundamentals and
Methods for Aeronautical Design and Analyses issued by IASB (Industrie-Ausschuss fur Struktur-Berechnung).

(As-member of the IASB this document is structured similar to a HSB design sheet)

1 General

There are three approaches available to perform Design Verification (DV) for occurring static
stress situations: Strength Failure Criteria (SFC), Continuum (micro-)Damage Mechanics (CDM, not
yet DV-capable) criteria and Fracture Mechanics (FM) criteria for cracked (macro-damaged)
components. A novel approach is the hybrid tool Finite Fracture Mechanics (FFM) which captures
the ‘onset-of-cracking’ (OoC) at stress concentration (SC) points and at higher stress singularities.
The FFM is a coupled (hybrid) criterion that fills a gap in FM by assuming an instantaneous
formation of a crack of finite size [1, 2]. Intention is to initially show the classical application of FM,
because FM provides one part tool of the FFM. Fig.1 gave a survey on the situations faced.

Due to FFM, the Neuber method is now obsolete, but falls as a special case. What Neuber called
"support length" is precisely the crack length supplied by the FFM, without the need for acceptance
or experimental identification!

The provided analyses are restricted to the 2D-case, 3D-extension will be a future task.

A SFC is a necessary condition but might not be a sufficient condition for the prediction of ‘Onset-
of-cracking’, seen here as onset of failure:
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*This is known for the author for about 50 years from the so-called ‘thin layer effect’ of UD-layer-
composed laminates: Due to being strain-controlled, the material flaws in a thin lamina (transversely-
isotropic material) cannot grow freely up to micro-crack size in the thickness direction, because the
neighboring laminas act as micro-crack-stoppers. Considering fracture mechanics, the strain energy
release rate, responsible for the development of damage energy in the 90° plies - from flaws into
micro-cracks and larger -, increases with increasing ply thickness. Therefore, the actual absolute
thickness of a lamina in a laminate is a driving parameter for initiation or onset of micro-cracks, i.e.
[Fla82].

*Further and generally more known in metallic applications is in the case of discontinuities of the
here focused isotropic materials such as notch singularities with steep stress decays: only a toughness
+ characteristic length-based energy balance condition may form a sufficient set of two fracture
conditions.

When applying SFCs usually ideal solids are viewed which are assumed to be free of essential
micro-voids or micro-crack-like flaws, whereas applying Fracture Mechanics the solid is considered
to contain macro-voids or macro-cracks, respectively.

Since about 20 years Finite Fracture Mechanics (FFM) tries to fill a gap between the continuum
mechanical strength analysis and the classical FM analysis. FFM is an approach to offer a criterion to
predict the crack onset in brittle isotropic and UD materials.

This is a bridge that had to be built from the strength failure to the fracture mechanics failure ground.
Attempts to link SFC-described ‘onset of fracture’ prediction methods and FM prediction methods
for structural components have been performed. Best known is the still cited Hypothesis of
Leguillon, within he assumes cracks of finite length Aa. Thus using FFM one obtains one more
unknown but also a further equation to solve together with the SFC the equation system.

This coupled criterion does not refer to microscopic mechanisms to predict crack-nucleation!

Considering FFM it is referred to the literature [1, 2, 3]
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2 List of Symbols

Symbol Unit Description
a mm crack length
ap mm initial crack length (open hole panel: crack a + hole radius r)
ac mm critical crack length
ae mm effective crack length a. = a, + w/2
ap mm physical crack length a,= ag + 4a
Cij abbreviating functions and abbreviations

f(a) correction function of the stress intensity factor (SIF)
fq correction function concerning the hole diameter
fw correction function concerning the specimen width w

t mm panel specimen thickness
w mm width of panel, test specimen

Aa mm stable increase of a due to static loading
Aae mm effective crack elongation (R-curve abscissa) 4a. = a - ap
A mm parameter of the R-curve model
B - parameter of the R-curve model
E MPa Young’s modulus (MPa = N/mm?)

F N force
Cracking resistance: potential strain energy release rate at failure. Under
Gro MPa.m | Plane strain conditions (most critical case) @ic= Kic” -(1-v?) / E
dw ~ O'app“edz -mm/E = MPa-mm, «/ﬁle.G-x/mm
K(s,a) | MPa-+/m | Cracking action: stress intensity factor, (SIF) K =o-Jz-a- f(a),
Kas MPa-+/m | parameter of the R-Curve model (asymptotic value of R-curve)
Ky MPa -+/m | parameter of the R-Curve model (value at beginning of R-curve)

Kap | MPa-/m | apparent fracture toughness (general) = critical SIF (ot the often used Kc)
Kp MPa-«/m | physical value of the SIFK: K, =o- /ﬁ.ap : [sec(;z.ap /W) , sec =1/cos
Ke MPa -/m | Effective SIF: K, = a-\/n-ae -\/SGC(ﬂ-ae I w) , often termed K

Cracking resistance: critical SIF (fracture mechanics Mode I testing) at onset of
unstable sharp crack propagation in the plane strain state = most brittle

Kic MPa -+/m | condition, otherwise called Kc; or = fracture toughness of uni-axially

tensile-loaded, minimum ductile (brittle) material specimens = material
resistance to crack propagation K, =o-\[z-a, - f =, -z -a- f
Kgr MPa-+/m | Cracking resistance, R-curve ordinate
R-cUIVe material Resistance to fracture curve in case of slow, stable crack
MPa-+/m | propagation from a sharp notch, accompanied by growth of the plastic
zone at the crack-tip (unfortunately also the letter R was taken)
R; Rpoz MPa failure stress = strength (Resistance to stress action); tensile yield str.
dWw | MPamm |energy dW ~[o-s-de=[o”/E-ds
v - Poisson’s ratio
® mm full plastic zone at the crack-tip
o MPa Action: remote (far field) uniform tensile stress
Oc MPa critical value of o = residual strength
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(In structural mechanics x is usually the length coordinate, but in fracture mechanics the net section direction)

3 Analysis using the Crack Growth Resistance curve = ‘R-curve’
3.1 General on Fracture Mechanics quantities and R-curve Concept

Basic assumption: Use of largest crack size that can be expected, following the ‘weakest link’
failure model and regarding quality assurance measurement limits.

In the Damage Tolerance procedure of cracked (macro-damaged) structural components two basic
questions are posed in analysis:

1. What is the static strength if a crack is present (residual strength problem)?

2. How is the propagation behavior of the present crack (large crack growth problem)?

In order to perform this for isotropic materials some different quantities are used to predict the stress
state at the crack tip caused by a far-field stress or remote stress, respectively.

*The stress intensity factor (SIF) K, applied to homogeneous linear elastic materials. Its measured size
depends on test specimen width w, the crack size a, the location of the present crack and the material. It

can be written as K = o -,/ -a, - f(a/w), where the SIF K, of the fracture mechanics mode I is

applied here, (Fig. 4).

*The strain energy release rate &, defined as the instantaneous loss of total potential energy I1 per unit
crack growth area (crack length Aa - plate thickness t) of the fresh surface S, by G=—I1/S. In the case of
brittle materials for its ‘basic’ Fracture Mode-I a relationship exists @, = K? /E’ with E’= E/(1-V%) for
plane strain.

*The J-integral J , characterizing the singular stress field at the crack tip in nonlinear elastic-plastic
materials where the size of the plastic zone is small compared to the crack length. It is one way of
determining the strain energy release rate . For brittle materials J corresponds to @.

Macrocrack extension occurs when the stress intensity factor (SIF) K attains a critical value.
Thereby the Action-linked SIF is entirely dependent on the structure geometry and loading condition,
whilst the Resistance-linked R-curve is basically a material property dependent on temperature,
environment, and loading rate as well the geometric test specimen range, etc.

Crack-growth resistance curves, the so-called R-Curves, are used here to predict:

* the residual strength of the structure for a given crack position and crack length,
« the critical length of an initial crack under given loadings.

These curves are conveniently plotted with crack extension 4a instead of crack size a, because the
shape of the R-curve does not vary with the crack size.

« For very brittle materials with its flat R-curves, there is no stable crack extension and the initial
crack size ap is the same as the critical crack size a.. Then a single value of toughness

characterizes the material, the cracking resistance K.

* For ductile materials (such as low strength steels) with a rising R-curve there is no single value
of toughness that characterizes the material. Reason is that the plastic zone @ at the crack tip
increases with crack growth and length, hence the energy dissipated to overcome plastic
deformation will increase. In materials with a rising R-curve, stable crack growth occurs and the
critical crack size will be larger than the initial crack size. Mind: These R-curves (italic R letter)
shall not be mixed up with the ‘R-curves’ in fatigue R = mino/maxo.
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Fracture mechanics regards small scale ductility (usually described by its diameter ) at the crack tip
and multi-axial loading, Fig 2.

In the case of a mixed-mode loading and opening of a crack, the energy release rate consists of the
three parts (1, G, G that correspond to the respective three fracture modes. The fracture-effective
formulation then is @ = Gi+ Gu+ Gun.

Crack extension occurs when above strain energy release rate ¢ attains a critical value .. In the case
of fracture it becomes ¢ > (ic. G is directly related to the stress intensity factor K. It is associated in
two-dimensional fracture mechanics with the loading modes (Mode-1, Mode-II, or Mode-I11) the so-
called Mixed-Mode Problem, applicable to cracks under plane stress, plane strain and anti-plane
shear, see Fig.4. For the Fracture Mode-I, the energy release rate & is related to the Mode-1 stress SIF

K, for a linearly-elastic material.

The two questions at the beginning of this sub-chapter can be answered using the analytical
methods of fracture mechanics. For practical application the concept of the linear-elastic K is usually
applied:

“A structural component will fail in the case of static loading if the stress intensity factor (SIF) K of a
brittle material reaches its critical value at K = K¢, termed fracture toughness, which depends on the
material behavior”.

The determination of the K -values requires in the so-called K-concept the fulfilment of a geometric
bound in order to achieve the real minimum Kc-value by a test specimen thickness of

t > 25:(Kig /Rypp)’ = o, =Ko (Y73, - T (a,).

Instead of the "Plain Strain Fracture Toughness" Kc (which is a material property but subject to
certain minimum geometric requirements), an "Apparent Fracture Toughness" is inevitably to apply,
adapted to the current geometric conditions.

A plot of strain energy release rate ¢ versus crack extension Aa for a particular loading situation is
termed driving force curve G(Aa). The driving force for crack propagation can be quantified by
above characterizing parameters K, @, or J. A plot of R versus crack extension Aa is a resistance
curve, as still cited termed R-curve R(Aa).

3.2 Models for R-curve ( resistance) and for Stress Intensity Factor (SIF)-curve

3.2.1 Resistance: R-curve, ordinate Ky (using a test data mapping function)

For well mapping the test data course of the R-curve J. Broede proposed the mapping function

— K, — K
Ke(a):Kas_(Kas_Kb)‘+ with inverse Aag :A.In(BJr(j__B)._aS_ij
exp( e) B as e
= newa, = —a. —A. _my Kas =K,
dy =a + Aae—ao A-In B+(l B)
Kas — Ke

in [2] including the effective quantities K, and Aae. The plot K.(Aa.) is termed effective R-curve.
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3.2.2 Action: Stress Intensity Factor (SIF)-curve, Kgr (using a width correction function fy,)

With the so-called geometry correction functions f - correcting the original infinite plate term

J7z-a - concerning hole diameter (index d) and width (index w) of the centrally cracked panel
(‘plate strip” ) the SIF reads for the two cases:

Panel, version ‘No hole’ ,;, :

Ky =o-r-a-f,(a with f,(a)= sec”—'a capturing the panel width
W

Kp@=oc-r-a- sec 72 ,  (sec=1/cos).
w

Panel, version ‘With hole’ ,,;, : (Tada delivered in [9] a hole considering correction function f{a)):

K=o-Jr-a-f(a) with f(a)="f,(@)-f,(@) inthecase of an open hole panel

2 3 4
f,(a) = 1—r-(1+o.358-r+1.425-(rj —1.578-[rj +2.156-(rj ), £, (a) = [sec("- D) -sec(Z-2).
a a a a a w W

3.3 Conditions to Determine the Unknowns: critical quantities o., a..
‘Crack growth will occur when dG/da > dR/da and G >R’

This corresponds to ‘The driving force curve is tangent with the R-curve’as depicted in Fig.3. It can
be interpreted as the critical condition when the energy available in the component for crack growth
exceeds the maximum amount that the material can dissipate. In order to solve this task the following
conditions must be met:

3.3.1 Kgr (0c, ac) = K(ac.- ag) with Ada,=a-ay~ This means, that

firstly the coordinates of the touch point of SIF curve with R-curve are to determine.

1-B
Ke(a)=o-Vr-a-f(a)=Kgi —(Kys —K,) ———— .
Aadg
exp (j -B
A
3.3.2 dKgpr (0, ac) /da = dK(ac.- ao)/da . This means, that

secondly, the two slopes of both the curves must become the same at the touch point, task which
requires a differentiation (Mathcad 15 code symbolic application), delivering

ddﬁ: G-di(\/;z-a-f(a))z Kas+(B_1)'(KbA_Kas) - d:;R _
] ] B exp("2) a
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For the SIF-curve holds for the two versions, SIF no hole and SIF with hole:

ik {o Jr- secw]
'No hole' : SIFnh  _
0 Noe da da
. 15- . . 2 . .
_ 6‘\/;/(2\/5 caw) + 4% - Ja - saw/ (w-caw ), saw:sin[Tj,caw:cos(T)

2-JJz-alcaw

‘With hole':
r r r\? r? r\! r 7-a
d(d'\/ﬂ'-a’ 1—'(1+0.358-+1.425-(] —1.578-(] +2.156-(] \/sec SECJ
dK a a a a a w w
SIFwh _
da da

and the abbreviation functions

3 4 : o 2 " < 2 .
47341 $.624-r 0.358r 285r 0358-r 21561 1425-r 1.578r " 1
+ + - +1, ©@=
cos

D -

cl= - - = s C2= : -
4 5 2 3 a 4 2 2

a a a a a 2 E

* In the HSB sheet 62232-3 J. Broede mapped the R-curve by an appropriate analytical model, model

parameters were determined there and finally o, =R,.s was derived by iteratively increasing the

crack size up to a.. This provides the failure stress for the maximally sustainable loading of the pre-
cracked component.

* In Table 1, bottom, Cuntze delivers a continuous implicit mathematical computation.

3.4 Solution of the equation set to predict the unknowns

The Mathcad computation delivers the searched quantities for the open hole panel. Fig.3 provides
the full data set. In the computation, the usually in MPa- Jm given fracture toughness (= critical SIF)
is taken, which however requires a final factorization of the obtained critical stress by J1000 to get
into the MPa, mm system.

In Fig.3, for the envisaged panel, the R-curve is plotted together with two SIF-curves, one for an
initially guessed reference stress of sigwh=15 (dashed) and one for the computed critical reference
value sig. =12.5 (bold).

*For the ‘no hole-panel’ the critical SIF reads K; =180 MPa-\/E =180-\/1000 MPaJ mm and the
results are: ag =55.4 mm, o, =12.5-1/1000 =396 MPa.

*For the ‘hole panel’, in order to check any influence of the hole the associated rising SIF-curve was
plotted, too. The same tangent point is obtained for this SIF-curve.
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The computation of the ‘no hole-panel’ delivers as critical stress = residual strength, the value Oes=
396 MPa (Mathcad computation scheme in Table 1).

Table 1: Determination of the touch point = instability tangent point (w width effect, no hole)

Vorgab
B sigw =11 a=33
. \ 1-B :
sigw-yfTr-a- Sek 2= Kas — (Kas — Kb)- —0\ (point)
WS expfa-a |-B
1\ __\ |
f (mwa) ma . [ma))
cosj — |+ —-sinf — | |
. \w )/ w \w )/
T-Sigw-
2 a—al
[ 7-al)
| cos| — | | A . n
\ \ w :" "l - e (B = 1)(I\b - has) (pre)
" 3
) 2
I-(a—aO)
AB-e
N . MPa+fm
Aa = Suchen(sigw.a) 1251 sigw = Aa awc = Aa OWC = SIgWw-———
Aa=| | i . _O ! \/mm
| o ) ~ = 55
\334) sigw = 125 awc =334 owe = sigw-f1000
w=300 [KSIFwc0=180| [owc=396 |

For information, however — no practical effect in Fig.3 comparing the blue curve KSIFwh — the
associated (point) condition with considering the hole is added below:

( {meal) r
1r512|::n \II,_ ) ‘.ﬁsmsm — 1l = =2
. . r m-sigr e3-c2 Low o) a
sig-fm-a-| e3- [1 - —-cl + +
\II a
|

2- ; 2 ;
""G 7-a -k (ma) (e |
2-w-cos) — | -cos) — |-c3

2 \ow ) \w/) )

— Kas » (B~ D-(Kb-Kas)

with the to be mserted abbreviation functions

1
cl.c2. c3 I'(a_am

E-e

The computation of the critical crack length a. at the end of static loading is determined by the
application of the formula below and there inserting K.. (See application later). As K-values are
usually given in MPa-+/m this is intentionally widely followed here!

New a, = a, + Adg Zao—A.In(B+(1— B).Kas_—:bJ
ec

Kas =
Results:
The R-test curve (resistance, marked KR) captures all physical effects such as small scale yielding at the crack

tip, marked by the letter w! It is effective, therefore Ke. Therefore, in order to be compatible the SIF-curve
(action, marked KSIF) has to incorporate this effect. It does not depend on ag,w
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SIF 4 K

SIF 300
KRe(a) MPa - 4/m 15
KSIFnho2(a) unstable 12.5
KSIFnhe(a) s /
KSIFwho2(a) /
i gty * 10
KSIFwhe(a) crt\:tna‘b; ':tty
0 point
+ 100
0
+ stable
KSIFnho1(a)
mm e
0
a.a.a.a.a.r.al.a
aC I Aae-c —_—
= dec

Fig.3: Wide panel example (HSB 62232-03) with w =300 mm, t = 8mm, a, = 30 mm, d =20 mm.
Aluminum Alloy 7475-T7351 in LT-direction: A =55.7 mm, B = 0.75, K,s =246 MPa - \/ﬁ
Ky, =29 MPa-~/m, Ry, =425 MPa (B-value fort=6...38 mm) .
Instability point: K, = 180 MPa - v/m = MPa - J/mm -/1000 , @, = 55.4 mm.
SIF-curve: reference stresses in MPa, to factor by\/lom =31.6: 0,=15> 0, =12.5> 0;=10, Table 1.
(For simplification the simple letter a was taken in the formulas instead of ae)

Note:

The R-curve does not run out from ag. This is caused because just the test data domain has to be fitted best. In
the HSB sheet this end is therefore not sketched. The model point Kb lies on the ao-line.

» The test-based R-curve is essential for FFM to determine in future a more correct fracture
toughness value K, instead of the previous K| for the usually FFM-treated very brittle material.

4 Analysis using Finite Fracture Mechanics (FFM)
4.1 General

To prove Structural Integrity several design verifications (DVs) must be performed for components
having the following features: Smooth, notched (stress concentrations) and cracked (stress
singularities), see Fig.4, left. Thereby, static and cyclic loadings must be taken into account focusing
uni-axial and multi-axial stress states.

FFM-focus here is static loading under uni-axial stresses, which means Mode I-linked.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 86



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

— o 1

o
cracka open O

|l T concentration
O
B filled <

stresssingularity
.

¢ Mode I: Opening  Mode II: In-plane shear  Mode III: Out-of-plane shear

Fig. 4: (left) Stress concentrations and stress singularities under uni-axial stressing.
(right) The 3 FM-modes, crack length a

The following levels are relevant when generating stress-related DV tools:

1. Stresses: Strength Failure Conditions (SFC), as local design verifications to predict onset-of-
cracking (several strength fracture failure modes and one yield mode, practically just one for
tension loading,)

2. Stress concentration: Application of (local) stress concentration factors K;to predict onset-of-
cracking (fracture) for the assessment of these internal discontinuity-caused probably locally
infinite, singular stresses.

3. Stress intensity (singularity): (non-local) Fracture mechanics methods using stress intensity
factors K ~ o -7 -a (SIFs) and fracture toughness (representing the resistance of brittle materials
to the propagation of flaws under an activated stress, assuming: the longer the flaw, the lower the bearable
fracture stress) being a critical K, which is needed for a crack to grow under monotonic
loading. For the usually envisaged tension loading (pressure-linked geo-mechanics is not the
focus) there are three fracture mechanics modes to consider as depicted in Fig.4 above.

All design verifications are required in parallel in accordance with the applicable regulations.

Tackling above three structural cases, then it can be attributed:

1. Stresses: In the strength fracture failure criterion (SFC) strength values R (isotropic: here
R' =R ) are to insert, which capture any flaws and micro-cracks in the material data set of
the test specimen. All effects are considered.

2. Stress concentrations: Experience tells that the application of a SFC with the application of a
factor K; is not sufficient. Here, a non-local DV method is required, which combines a
strength fracture criterion and fracture mechanics criterion. This is the focus of FFM.

3. Stress intensity: The necessary (‘large’) crack size value is identified by Quality Assurance or
fixed as the minimum measurable crack size. The crack situation at hand is to model and
toughness values K. are to insert. A large crack analysis does not need a coupled DV in

order to predict onset-of- further cracking, because the SFC is fulfilled.

Note:
There are stress-related and strain-related SFCs. Stress-related ones have the advantage, compared to strain-related ones

that “Residual stresses can be simply incorporated )
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4.2 Introduction

Since about 20 years Finite Fracture Mechanics (FFM) intends to fill the gap between the
continuum mechanical strength failure criteria (SFC) and the classical FM. FFM is an approach to
offer a criterion to predict ‘Onset-0f-Cracking’ in brittle isotropic and UD materials. This is a bridge
that had to be built from strength failure to fracture mechanics failure. Attempts  to
link SFC-described ‘Onset-0f-Cracking (OoC, fracture)’ prediction methods and FM prediction
methods for structural components have been performed. Best known is the still cited Hypothesis of
Leguillon “A crack is critical when and only when both the released energy and the local stress
reach critical values along an assumed finite crack”. Within the FFM, Leguillon assumes
instantaneous cracks of finite length Aa. Thus, using FFM one obtains one more unknown but also
one more equation to solve together with the SFC the equation system.

Of the basic two previous FFM concept variants, the integral concept used here has proven to be
the best. In this case, the stress curve is averaged over the fictitious, critical crack length for the SFC,
i.e. converted into a locally evenly distributed stress curve averaged over this length.

As long as this is done over a comparatively small area, this is fine, but if it is a very large crack
depth, where the crack extends far into an area of the stress profile where the stress peak has already
been significantly reduced, the stress value averaged in this way becomes quite small. The question
then is whether this procedure can still lead to a valid SFC application. In the future therefore, it
would make sense to limit the range over which the stress curve is averaged appropriately in such
cases?

This coupled criterion does not refer to microscopic mechanisms to predict micro-crack nucleation.

Reasons to develop the FFM were some facts from studying ‘Onset-of-Cracking’:
e Isotropic material

The minor failure behavior of absolutely small holes compared to large holes, although the
stress concentration factor K; takes the same value, namely 3. With large holes, more material
volume is highly stressed and thus physically-based the probability of failure due to more
activated, material-inherent flaws is increased.

Further known is in the case of discontinuities such as notch singularities with steep stress

decays: only a foughness + characteristic length-based energy balance condition may form a
sufficient set of two fracture conditions. Hence, a SFC is a necessary condition but might not be
a sufficient condition for the prediction of ‘Onset-of-Cracking’.

When applying SFCs usually ideal solids are viewed which are assumed to be free of essential
micro-voids or microcrack-like flaws, whereas applying Fracture Mechanics tools the solid is
considered to contain macro-voids or macro-cracks.

e Transversely-isotropic material
It is also known for a long time from the so-called ‘Thin layer effect’ of UD-layer-composed
laminate that the SFC-application is not sufficient to understand failure: Due to being strain-

controlled, the material flaws in a thin lamina cannot grow freely up to micro-crack size in the
thickness direction, because the neighboring laminas act as micro-crack-stoppers. In other
words: Thin plies, embedded in a laminate, fail at a higher loading level than thick ones.
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Employing here fracture mechanics, the strain energy release rate, responsible for the
development of damage energy in the 90° plies - from flaws into micro-cracks and larger cracks
-, increases with increasing ply thickness. Therefore, the actual absolute thickness of a lamina in
a laminate is a driving parameter for initiation of cracks, i.e. [Fla82].

4.4 FFM modelling, isotropic material focused

The FFM concept is demonstrated here by the example “Uni-axially loaded symmetric open-hole
plate strip”. For this case, the coupled criterion can be simplified and can be analytically solved.
Thereby no initial crack ag is to treat. Brittle fracture behavior is presumed.

The energy criterion postulates that the critical energy release rate @,.= Ki * -(1- v?) / E, being
proportional to the square of the fracture toughness, is met and that the stress criterion = SFC
postulates that the concentrated stress within the net-section area, averaged along the crack length
Aa, reaches a material strength value. This averaging is an assumption, which should to be checked.
Whereas the FM is more concerned about the full net section width, in the FFM the concern is
basically just the net section length 4a, a portion of the width!

The coupled FFM criterion

Goal of the coupled FFM criterion is to derive two fracture conditions, a strength R-related one and
a fracture mechanical one assuming a crack of the size Aa. Finally the two conditions are equated and
deliver an equation for the unknown critical crack Aac being the crack level at which OoC would
occur under a critical stress and fracture mechanical condition, simultaneously.

The establishment of the coupled model is to perform on basis of average properties in order to
obtain the optimally achievable reliability of 50 %. This means model validation, whereas in the DV
statistically based Design Allowables are to apply.

The two parts of the coupled criterion can be expressed by equalities from a Fracture Mechanics
(FM) criterion and a Strength Failure Criterion (SFC):

1 e k2 LT - -
FM: E-}[Kl(a)-da_ch and SFC: E-!a(x,y_O).olx_Rm.

For a simpler comparison, for the SFC the square usually is taken, whereby — advantageously - the
remote stress ¢ cancels out in the coupled equation. Fracture failure occurs if both these criteria are
simultaneously fulfilled. This leads to the required equation for the determination of

the generated critical crack size Aa; via

Later, the author will use the upper single versions, because this better displays the parallel working
of FM-condition together with the SF-condition.

As the two required resistance quantities are not fully clear and not given, it is sufficient for the
following first numerical application of the FFM to apply the available values ‘Plain Strain Fracture
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Toughness’ K¢ (the inherent lowest material property, subject to certain minimum geometric test
specimens requirements to achieve a plain strain condition), and tensile strength Ry,. This will mean
the application to a brittle metal. In general, the real critical fracture toughness should be termed
‘Apparent Fracture Toughness’ Kap, (t0 be understood as a component property, adapted to the
current geometrical conditions). For Ky, seldom a value is available. Hence, K. will be used for the
FFM here, despite of the necessity to consider small scale yielding at the crack tip when using
structural metal materials, like shown in the chapter R-curve.

Validation of the FFM model is effort-fully to be performed by running isotropic test series for
different w/d-ratios of panels.

.5 Design Verification of a ‘Through center cracked Open hole Panel’

Presumptions and given data for geometry, loading from testing

Presumptions:
e Linear Structural Analysis permitted

¢ Not fully brittle materials which generate small scale yielding at the crack tip
e Worst case loading situation, no residual stresses.

Material resistance: Aluminum alloy 7475-T7351 in L(ength)-T(ransverse) direction,

example from [3]
e R-curve: 4 =55.7mm, B = 0.75, K s = 246 MPa-/m, K, =29 MPa-Jm. Rn =850 MPa
e Yield strength: Rpo2 = 425 MPa (B-value, for t = 6...38 mm), HSB 62232-03. Concluding
the 445 MPa, as used in HSB 62232-01, can be seen an average value.

e Kic=48 MPa-Jm =1518 MPa-~/mm, (Kic/ Rm)? =3.23 mm™.
Panel dimensions

e Width w =300 mm, thickness # = 8 mm, open hole radius d =25 mm
e Initial crack size ag = 30 mm.

Loading Action with Design Factor of Safety (FoS)
e j =1, Design Limit Load representative
e Uni-axial stress state {o} . = {0, }-j with {o} =(0,,0,,7,)" -] =(0, 250, 0)" MPa.

design

5.1 Application of FM, R-curve, concerning ‘Open hole panel fracture’, pre-crack ay
See Fig.3 with the procedure attached. ap= 30 mm, d = 25 mm, w = 300 mm.
Design case: Remote loading stress ogesign= 250 MPa = o .
5.1.1 Determination of the residual strength [HSB 62232-03] with the R-curve
The computation in Zable I delivers the following values in the instability point (touch point)
FM-resistance: Kge =180 MPa-~/m =180-+/1000 MPa-~/mm, proof in Fig.3
and further residual strength 6. =396 MPa and critical crack length de. =55 mm.

Above remote failure stress = structural residual strength of the panel (plate strip) reads
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Ofail = Rres = Rstruct = Oc+

For comparison, the following analyses deliver the satisfactory information:
* Stress concentration: oy, =R, / K;(d =) =850/ 3 =283 MPa > ¢, = 250 MPa.
* Fracture Mechanics: for a Quality Assurance-defined crack size such as a ., =33 mm,
Ogait (33) > 01 (55) .

» Computation of the Reserve Factor for Design Limit load level, Design Load case j =1

Linear analysis is sufficient (presumption of FFM model at hand): then o ~ load.
Structural strength Design Allowable Ry, . Ryt 396

- - — - = = =158 > 1.
Stress o at j - Design Limit Loading 250

RF =

O-design

According to the regulations, Ry, has to be a Design Allowable too, which is assumed here due to
Rm being a strength Design Allowable and K¢ being statistically—based, too.

Yielding Check in the net-section: as a limit-of-usage check. One obtains:

2-ag 2-55 267
Ol = Jnetyield = Rp02 (1_ch = 425(1—%j =267 MPa —» RF = ﬁ =114 > 1.

Result: Due to the requirement o,qieq < 0 et section yielding limits the loading here.

5.1.2 Determination of the critical crack length, touch point, considering ‘no hole, ‘with hole’

In the effective curve (index e is written) defined by Kge =180 MPa-+/m the plastic zone ® and
the hole diameter are included.

The computation of the critical data set had to be still performed for the establishment of Fig.3.

» Computation of the design stress-linked Touch Point + generated crack growth Aa design loading

Employing both the SIF functions from § 3.3.1

KSIF, (&) =c-\7-a- sec” 2 , and
w

2 3 4
r r r r r r .
KSIF, (a)=c-z-a- 1—-(1+0.358-+1.425-(j —1.578-(} +2.156-(j -\/sec”-sec”"’1
a a a a a w w

the Mathcad computation in Table 2 was executed. (See [3]).

Results for _ oyegqn, = 250 MPa = sig3:

The crack grew under the design stress by Aa =3 mm.
lesign loading
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— neway=qyt+Aa, . =30 +3= 33 mm.
design loading

Table 2 Derivation of a ductility-considering SIF K with improved associate crack a

Kec = 130 Kas = 244 Kb=20 A=34682 B=075 al=30 w=300 Rpl2=423
Vorgabe a= 33 7
= | - 1-B
sigli-)mw-a- | Sek| T2 = Kas - (Kas - Kb)————
Crack, no hole Low o fa—al)
exp i
\, /
Aa = Suchen{a) Aa=13273 2=Aa a= 327
100 F 1
KRc(a)
KSIFnhe3(a)
KSIFwho3(a) /
0 30
0
0 A
0 20 40
a,a.ar.al

Additional information: Determination of the (physical) Kp from the effective values ae

There are two methods to determine data of a R-curve The Potential method is used to determine
physical data and the Compliance-Method (applied here) effective data for the given initial crack
length @, and the loading stress o [13, 12, 11].

If necessary, physical data can be derived from effective data by inserting

2
K . .
a,=8 -050 o= i[ P ] into Ky =o- /z-ap -‘/sec(ﬂ-ap /w) solving the generated

Rp0.2

implicit equation via
Vorgabe Kp = 180

1 K V3 : 2
Ep=c- |mw|ae - 03 Ll e R | J1( Kp "
™ | Rp02) ae - 0.3 — — |

W
D = Suchen{Ep)

Whether this might be important could be checked by inserting Kpc through Kec calculating
2
1 [ Kge
a)K = — | .
* T [Rpo.z J
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In order to present a good feeling for the difference between Kp and Ke the respective values shall be
computed below for the critical case, indexed c :

ofail =125 g = ofai-/1000 o = 305 Rp02 =425 w=1300 a0 =30 Kec= 180-14/1000)
gec = 334  Aagec = aec — al Aagec =234 mm Kec = 3602
v
orgabe Kpe = 5355
1 ( Kpe ) 1
Kpc—crjﬂ{aec—ﬂj{ RPI:'J JJ
w o Rpls)
1 K \"
aec — 0.3 — P
11.' Rp[ﬂ,!
cos{ -
D = Suchen{Kpc) D = 4470 w
1 "K \'I 1 [ Kpe \”
wee = 0.3 — = wpe = 0.5 —{ = -
s Rpl}?,.' 7 | Rp02 ) apc = aec — 0.5-(wec)
wee = 283 wpe =272 mm apc = 41.1

5.2 Application of FFM, concerning ‘Onset-0f-Cracking’ at a open hole edge, (no ay)

Determination of finite crack length Aa and failure stress of the panel: Mathcad 15 application

In this sub-chapter the ‘classical”’ FEM-procedure with the square will be presented.

e The FM-linked failure portion: The equation reads:

a

1.
Aa

a 2 3 4 2
1-|:J.(O’-\/7Z"a~ 1—r-(1+o.358.r+1.425.(rj —1.578.[rj +2.156~(rj .Jsec”'rsec”] dx
Aa |4 a a a a a w

w

=

e The SFC-linked failure portion: For details see Annex1
For this portion a model for the stress distribution along the net section is to provide, namely,

(X) = 0+ Cypy -[0.335+0.665- (L ¢,y -~ )2 4o (— T ) [g]

netsec 0.5-w—r 0.5-w—r

with the abbreviation functions c,q = 3.215 — ()75 +4.294 - ()™ and

C,, = —3.765 + 2.148- (%)0-879, C,, = —2.552 — 42.894- (%)‘3-”, C,, = ~0.7497 - (%)‘1-858.

The equilibrium equation of the SFC-portion reads

] r+a r+ia
E- J- o(x,y=0)-dx = J. O petsec (X) - X =

1 r+Aa X—Tr o X—=r 4
o j G-y [0-335+0.665- (1+ ¢y - 5 )™ + G- (g o —) O
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The implicit FFM-solution procedure of the Mathcad software in standard FFM-formulation is shown
below:

Vorgabe
Aa =1 ag=11
AW N
rr+Aa
2
o] 2 4 <
1 'r\~ (Y ) 1"1\4 {mr) { wx)
— o'\f X 1-—~l+03)8—+14’\ - 1578 = | + 2156 —| SL—.Sek—‘ dx
Aa X \x ) \x/ \x/ \w )/ \w ) 5
5 g N KIc”
r+Aa Rm
1 { X—r “cll ( x-r Y
—_ oorw-| 0335 + 066511+ clli—— | +¢l3) — | |dx
Aa \ 053w—-1) \05w—-1r)
r
r+Aa "
1 3
1 / = |.(: ’, N \
— a-crw-| 0.335 + 0.665-! 1+C11L; +c13-;L; dx|= Rm
Aa \ 05w—1) \05w-—-r)
it 5
A = Suchen(Aa.q) '8 B N
A= | Az = A Aac = Aa g=A ofail = o
\ 4 20.83 ) A 0 A W 1 A Aac =177 ofail = 421
Results:

Within the FFM, two models from FM and from strength analysis are commonly employed to predict the
failure event ‘Onset-0f-Cracking’ at a non-cracked hole. In the case at hand, the instantaneously generated

finite crack length reads Aa. =1.77 mm and the associated remote average structural failure stress of the
panel ggryc reads o = 421 MPa.

Fig.5 finally tries to illustrate the FFM hypothesis “Both the conditions must be fulfilled”. It points
out the failure-causing relationship and the dominated domains, where stress states may happen to be.

15 \ 15 "
ofail ofail /
Jane 4 8 2 ]
- \\\ N} /
Pl ‘M'““-—. Eef— /
SIFJ 05— 1e=cca-.. SIFJ 05 it |l e lsesseeewpe s siesead
S | e P R a8 B T T 57 R R~ e SIS WP =
o 3 _/_/
+ +
A =
%.5 1 15 2 235 3 %.5 1 135 2 25 3
AB.AEJ'.MJ'.IJS M.ABJ.ABJI.7S

Fig.5: (left) ‘SIF’ assumed 100% with the question “When does the SC not show failure?
Vice versa: (right) SC assumed 100% with the question “When does the ‘SIF’ not show failure?

One basic interest is how a varying resistance ratio Cyg = K1.-/Rn° affects critical crack length and
failure stress. Fig.6 shows the mapped numerical results for a number of ratios.

Result: With increasing resistance ratio both critical crack size and failure stress naturally grow.
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[+

=1 /1 17
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X = / A4
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ofaild

. ofail :
Aacrit.—— . x. Aacrit0.
100

Fig.6, w=36mm , a, = 30 mm, d =6 mm: Effect of varying resistance ratio cxg on Aa. and oy,
AA 7475-T7351: Ciro = (Kic / Rm)? = 3.23 mm™

Of further interest might be how the FM-linked and the SC-linked portions change with the crack
length. Fig.7 depicts these courses after employing the two integrals, termed ‘SIF’ and SC, below.

1t 1t 2
— | Kf(x)-dx — | KS(x)-dx/ K
AaI 0 K2 Aa! 1) ' _SIF| with
1 @ R 1 @ 2 sC
— o, (x)-dx m o, (x)-dx| /R 2
o a0 EREICEIRE
r+.'.\ai -
\2 ¥ e\ e
= [c\h_{ 1-1~[1+o.3ss‘1+ 1'425':@} ~ 15784 2| -2.155‘§igﬂ- Seki—')-smfﬁﬂ d
Aai L b X X \x/ \x/ \w Lw)/
r
SII-'i:= 5
Kle™
z
r+.lai = = i
1 ( X—-r ci2 { x-r1 4
o-crw| 0335 + 0.665 1 + cll- | +cl3 — } dx
|Aa)2 \ w—r) \05w-r
1 =
SC, = -
R’
w\
8 gy
i T~ ]
sIF-10° |
I}_ 4 __..-—-F""'—-'/d_ [ ——— ]
+ //
-
s 1 1.5 2 25 3
Aa . Ma . Aacrit

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 95



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Fig.7, w =36mm, ag = 30 mm, d =6 mm: Representation of the course of the growing FM-portion (SIF) and
the decaying Strength Mechanics portion (SC)

Result: The critical point at a, = 1.78 mm is clearly outlined at ‘SIF’ = SC.

After having depicted the influence of the resistance ratio Ckg = K;./R,," in Fig.6 the effect of a
fixed ratio ‘panel width/hole diameter’ w/d shall be displayed for two widths in Fig.8 presenting how
the remote failure stress oy, of the panel changes with Aa.

600
600
500 ,..-—“’""’
21 _—_'_—4_’ '__,...-r"""'ﬂ
4 400
ofail36 s
3 o
ofil300
200
100
100
15 16 17 18 19 2
15 1.78. Aacrit36. Aacrit300 2

Fig.8, w=36mm, w = 300mm: Effect of different panel geometry, ratios w/d = 6.

Result:

For a given resistance ratio Ckgr, for two panel widths, above stress failure curves are plotted as
functions of the individually given critical crack size. The wider panel allows a lower stress only,
because more volume is highly stressed.

» Computation of the Reserve Factor for Design Limit load level, j =1

Remote loading stress o = o7= 250 MPa, ap= 30 mm, d =25 mm.
Linear analysis is sufficient (presumption of FFM model): then o ~ load

Assumed o1,j), to be a Design Allowable, the Reserve Factor against ‘Onset-0f-Cracking’ at the hole
edge is

ne _ st _ 421MPa _ -
250 MPa

Jdesign

According to the regulations, a Design Allowable has to be applied, too, which is assumed here,
because Ry, is a Strength Design Allowable and K| is assumed to be statistically based.

Yielding Check in the net-section:, as a limit-of-usage check. One obtains:

2-a, 2-55.4
Otail = Cnetyield = Rpoz '[1—Te) = 425'(1— 300 )z 268 MPa.

RF :@:1.14 > 1.
250
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Result: Due to the requirement o,..iqq < O Net section yielding limits the loading here.

7 Application of the FFM to an HSB-example

Task: Mapping of the critical stress ‘oc-curve’ as function of the running crack size a.

The course of just 3 test points of a fixed open hole panel (from HSB 62232-01 on ‘Width
dependency of the Feddersen-parameter’, [10], is to map. These fracture values are given for the
original ayp = a + r, also depicted in the plot.

Note, please: The 3 test points with the different crack sizes are assumed average values. (1) In this context, in
the HSB sheet the sample size number of tests belonging to one ‘average’ point was not given. (2) Further, an
additional fitting process of the foreseen correction function was performed.

Fig.9, left, displays the geometry and the loading of the envisaged HSB-panel. The coordinate x has
its origin in the hole center.

Fig.9 right, presents the course of the SIF K and of the net section stress along x.

o3 500
ietsec(x)«’iic
b 400
0 350 +
+ 300 /"/
KSIF(x) ) l
g | = T
Rp0 | \ 3 >
Ktoref i A
0— 150 \/
- W —- E:I?_ 1(_)2 -
5 —
LAl oL —

0 3 10 13 20 25 30 33 40
x.r.a0_x.x.x.25 Px.x

Fig.9: (left) Geometry of the fixed Open Hole Panel and its uniaxial loading.
(right) Test points with the courses of the ‘S/7/" and the net section stress in width x-direction

w =160 mm, t =2 mm, d =25 mm. AA 7475-7761: Ry, = 445 MPa, K_ _ = 2500 MPa - Jm -

Abscissa points inmm: x =r =12.5, x = 25, Xx= 35 Kyt = +

Result:

Shifting the FFM failure stress point by Aa gives a point a little far from the derived FM-curve, This crack size
Aa defines the agwhen analyzing future loading and crack growth.

In Fig.10 for the given hole, d = 2-r, the computed FFM-linked failure stress point oy (bold) is
depicted with the generated crack size Aa. The Mathcad computations are presented in Table 3.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 97



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

500
430
Py 400
+ 350 >
: [ 300 s
f'r.k 250
200
sigmean(x) 150
ofail 100
:E:Lax(x) gl
e >
Ofm hole

0 5 10 15 20 25

o

0 35 40 45 50 55 60 65 70 75 80
Px.r.ug.x.r.x.r+Aa

()

Fig.10: (a) Depiction of the FFM-based failure stress at ‘Onset-0f-Cracking’ generating Aa.
(b) FM-based mapping of the course of the three test points with its initial different crack size a,
Application of two different K-values, r =12.5 mm

The Mathcad computation is presented in Table 3.
The upper part depicts the classical FFM procedure and the center the Cuntze procedure with directly
using the single equations.

Result: Both, the procedures end with the same numbers.

Also a FM-linked mapping of the three test point examples with its initial crack sizes a, was
successfully performed, see the bottom of 7able 3. Thereby the SIF K was varied, a mean and a
maximum assumed value was applied.

This might be of interest for a rework of the ‘Feddersen parameter sheet’ HSB 63321-06.

Result:
Mapping was successful. The difference vanishes at both the ends.
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Table 3, Mathcad computations:
(up) Standard FFM procedure (using the square), however solved without necessary iterations, ap =0
(center) Cuntze’s procedure: separate FFM- and SFC-equation, a;= 0
(down) FM-based mapping of the three test points with its individual initial cracks a,

orgabe Nae= g1
r+Aa
2
2 H:c\j x“l--[uo,ss-fms(J -1518[)—7156 ]“sxfﬁ sx,f“\]]dx
Aa W L w "
t e 7
-2 2
r+Aa i . Rp02”
i SEE 2 x=r \° 2 { X=1
—_ o-crw+ 0335 + 0.663-1 1 = cll <+ ¢el3f ——
Aa Sw-r \05w-r
r -
rr+AA
1 { gog ( s=¢ Y\
—_ o-crw-| 0335 + 0.663-i 1 + c1l-———— + ¢13-1 — | |dx|= Rp02
Aa \ 05w~—r \0S5w~-r

r

A = Suchen(da.q) 96
A= ( ) Ag = A G o= A [Aa =956 | [c=322 |
3222 Prooie 0 Fxe 1
Vormbe et
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T
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13223 w0 ate: 1
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8 Conclusions, concerning

Strength criteria alone or energy-based fracture mechanical criteria alone cannot always lead to a
reliable fracture failure prediction. Design Verification (DV) by using a coupled criterion will
improve the situation and be an aid for understanding the stress state-depending Onset-of-Cracking.
The so-called FFM concept should bring a solution to close the gap. It assumes the formation of
cracks of finite size 4a at Onset-of-Cracking.

Fracture Mechanics

The crack-linked residual strength Ry is the gross-sectional tensile stress o at failure of a structural

component containing a crack. R of the last fatigue phase is to discriminate from Ryes in the previous
fatigue phase. Thereby, the crack length ao at the beginning of the static up-loading will increase to its
critical value ac in general.
A structural component will fail in the case of static loading if the SIF K of a brittle material reaches
its critical value at K = K, termed fracture toughness, which depends on the material behavior. The
determination of the K. values requires in the so-called K-concept used above the fulfilment of a
geometric bound in order to achieve a real minimum value by taking a minimum test specimen
thickness of

t > 25 (K. / R(t)_z)2 — o, =K, /(,/7[’3.0 -f(a,).
In the less brittle material case the limit reads ¢ = Gc.
The influence of the geometry factor f decreases with the specimen thickness, resulting in fracture
toughness independent of the specimen dimensions. For the same materials, the fracture toughness
decreases with an increasing yield strength of 0.2 %.

Fig. 11 shall illustrate how the failure stress is governed by the crack size. Plastic deformation plays
a significant role.

plastic
deformation

crack size

>

Fig.11: llustration of the example with the concern plastic yielding

Strength

Dependent on the design requirements the average, the upper or a lower value of the property is
used for the various physical properties.
In the case of the resistance property strength a statistically reduced value R is to apply and in order
to achieve a reliable design a so-called Strength Design Allowable has to be applied. It is a value,
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beyond which at least 99% (“A”-value) or 90% (“B”-value) of the population of values is expected to
fall, with a 95% confidence (on test data achievement) level, see MIL-HDBK 17.

In this context, note please: Measurement data sets are the result of a Test Agreement (norm or standard), that serve the
desire to make a comparability of different test procedure results possible. The Test Agreement consists of test rig, test
specification, test specimen, test procedure and the test data evaluation method. Therefore, one could only speak about
‘exact test results and properties in the frame of the obtained test quality’.

Test specimens shall be manufactured like the structure, ‘as-built’.

Bearable load(ing)

The provision of bearable load(ing)s requires series tests of the distinctive structural component
with statistical evaluation in order to determine a structural ‘load-resistance design allowable’. This is
valid for the FFM applications. See the 3 average open-hole dots in Fig.10.

Load-defined Reserve Factor RF and design Factor-of-Safety FoS j

* A RF is usually the result of worst case assumptions that does not take care of the joint
actions of the stochastic design parameters and thereby cannot take care of their joint failure
action and probability.

* The RF value does not outline a failure probability, and failure probability p, does not
dramatically increase if RF turns slightly below 1.

* A FoS is given and not to calculate such as a the Reserve Factor RF.

Application limits linked to FFM

In Design, as with each criterion, validity limits are faced, such as

» Application-extension of linear structural analysis and high brittleness

» Future task to capture small scale yielding at the crack tip which requires the provision of the
associate statistically-based toughness K-values in order to master Design Verification

» The stress in the net-section of the panel should not exceed the tensile yield strength Rp,.

» 3D-application.

Many thanks to my friends, Prof. Dr.-Ing. habil. Wilfried Becker and Dr.-Ing. Jirgen Broede for the excellent exchange
on this difficult novel topic FFM.

Annex

1. Course of net-section stress

In the context above and because it is necessary for understanding the FFM an illustration of the

stress distribution along the net-section is to provide. In Fig./2 the curves are depicted for the x- and
an integration-simplifying normalized &-coordinate, proposed in HSB 34112-11. The relationship
_2-x/d-1_ X-—Tr
"~ wid-1  05-w-r
2-x/d-1_ 2-Aald
w/id-1 w/d-1

reads x=d/2: & =0 (hole edge)

and X=a=d2+Aa: ¢= = Aa , abbreviated .

= Gpetsec (&) = 0 Ky g 10335 +0.665- (L+C,, - £) 2 +¢,y - &4

In [10] was given oy
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with the geometry-dependent stress concentration factor K; (w, d)
K, (w,d) =3.215 - (%)‘0-5+ 4.294-(%)'1-5 = ¢y,
and the abbreviation functions
C,, =—3.765 + 2.148- (%)0-879, C,, = —2.552 — 42.894 - (%)*3-”, C,, = ~0.7497 - (%)*1-858.
For the example w = 300 mm, d = 25 mm, cg, = 3.03, ¢y; = 19.5, ¢y, = -2.56, Cy5 = -4.9- 10 follow

after normalization by K,,, (w=)=3, and setting a reference stress 6 = 100 MPa the following
plots:

'
1 ‘] Kt=3 10
anetsec(x) $ }'1 o= 100 8
- \ |
\
. 60 5 onetsec(£) 6 I\
0 1 \ Kt 4
+ 40 ——] —
0 2 2
- X £
o : 5 >
0 20 40 60 80 0 02 04 0.6 08

x.10,20
Fig.12: Contour of the stress along the net-section of the panel considering the coordinates x and & .
oref = 100MPa, r =12.5 mm, a0=30mm, K, =3, x width coordinate (ligament),
E=(x-r)/(05-w-r),
Results:

With increasing distance to the hole edge the stresses are monotonically descending whereas the
incremental energy release rate & is monotonically ascending (see Fig.12).

2. Integration of net-section stress

HSB 34112-11 computation, retraced:

Applying the afore mentioned coordinate transformation x — & enables the following symbolic
integration

r+Aa
(o)

1 C Aa
2 [ o -dx= wi . [ ]0.335+0.665- (1+Cyy - E) +Cpy - E4]- A&
~ ! , > l : 3

c 1+c, - Aar)®™® -1
_ %% | ggg5rg, QAT oL oy
Aa Aa
. C
with ¢, = — 206 13

_ =c,+1 C,.=—>.
Cy - (C12 + 1) s . ° 3

Variant Cuntze:
Despite of the more complicate integration limit r + Aa instead of Aa , the Mathcad solution process
allows to stick to the x coordinate, avoiding a mixture of a with a within the solution process.
Inserting into the equation above the relationship & =(x—r)/(0.5-w—r) leads to
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r+Aa r+Aa

1 1 2
28 f oy =" f 0+ Cyq[0.335+ 0,665 (1+ ;- ) + ¢y -£*] -k
=i.r+fag.c 10,335+ 0,665+ (1 6 =" 1 o [ X"
aa oy o M ' “oswr 2 loswor) ™
Result:

The solution of the coupled equation delivers the remote failure stress with its associated crack length size 4a,
see Table 3, too.

Of interest could be the effect of a varying panel width geometry. Finally Fig.13 plots the influence of
the resistance ratio cxz= Kappleappzon the critical crack size Aa. . The ¢, are the variables:
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Aa.AFFM.A2.A2,A2,A2.A2, A2, A2 ! Aaj.Aaj. Azj. Aay. AlFFM 15

Fig.13 (I eft), general, w = 300mm: Effect of different panel geometry, ratios w/d=5, 6, 8, 12 as variables.
Fig.13 (right), general, w = 300mm: Effect of different resistance ratios KIc?/Rm?=12, 3,4,5

Lessons Learned on FEM and its two parts
FFM:

» In the case of plain structural parts ‘Onset-0f-Cracking’ in brittle and semi-brittle materials
cannot be fully captured by the SFCs, because both a critical energy and a critical stress state
must be fulfilled. Therefore, SFCs are ‘just’ necessary but not sufficient for the prediction of
strength failure, onset of cracking. Basically, also due to internal flaws, an energy criterion is to
apply

» The novel approach ‘Finite Fracture Mechanics (FFM)’ offers a 2D hybrid criterion to more
realistically predict the stress-based ‘Onset-of-Cracking’ in brittle isotropic (the focus here) and
UD materials.

» FFM enables to predict a hybrid (coupled) failure stress = a resistance quantity on basis of the
resistances of the FFM-parts fracture mechanics (FM) and structural strength ( SFC)

» FFM is advantageous for the analysis of notched structural parts and captures applications
usually treated by the well-known Neuber theory. The coupled FFM-criterion ‘SFC-FM’ can be
used with some confidence to predict onset of cracking (failure) in brittle materials in design
situations as never could be done before.
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» The FMC-application looks successful for the ‘open hole panel’ example, a realistic failure stress
can be estimated.

» Unfortunately there is still a lack of test data sets for the validation of FFM

»  Multi-axial stress states are captured by the principal stress o

» Using a locally evenly distributed stress curve averaged over the finite length Aa is to check

FM (R-curve):

» Itis to regard, when considering the formulations to be applied: Short Cracks behave differently
to Large Cracks

» It is unbelievable (see the treated HSB example Feddersen concept) that no test results can be
found in literature concerning panels with different ratios ‘width/hole radius’. Such tests should
have been performed when investigating the Neuber theory

» Notch surface quality and the metal homogeneity faced have its impacts on the results.

» The R-curve does not depend on a, and w.

» The fracture stress is to base on a.=a+ Aa + o.

» Principal stress-linked.

SFCs Cuntze:
» Full 3D- stress state-capable.
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9  ‘“Curiosities’ regarding Classical Material Mechanics

Aim: Filling two rooms in the Material Mechanics Building by proving the assumed ’generic’ number.
Regarding a material ‘generic’ number of 2 to be valid for isotropic materials there are two ‘empty

rooms’ in the author-assumed ‘Mechanics Building’ of Isotropic Materials namely Normal Yielding

NY and a counterpart of the tensile fracture toughness K in the compressive domain.

9.1 Normal Yielding NY: [CUN22, §4]
Glassy, amorphous polymers like polystyrene (PS), polycarbonate (PC) and

PolyMethylMethacrylate (PMMA = plexiglass) are often used structural materials. They experience
two different yield failure types, namely crazing under tension (Fig.9-1) and under compression a

Loading T
7 Oriented chains

¢ =233nm

=
A

" Craze tip

b}
M 2 M 11")h:tal;raess Thickness

: 27T 3 : - = nm

) y ‘“’W\ - <25nm
\ Non-deformed material
larl $pa “ Distance between fibrils
REgu okl / ced Fibril $ 5-20 nm 10-20 nm

mature fibrlls x
Fig. 9-1: PMMA, SEM image of a craze in Polystyrene Image (created by Y. Arunkumar)

shear stress yielding that is often termed by material specialist ‘shear-banding’.
Crazing can be linked to Normal Yielding (NY) which precedes the crazing-following tensile
fracture. Crazing occurs with an increase in volume through the formation of fibrils bridging built

__T O

(0,R0) NY

SY U /

Fig. 9-2, PMMA: (left) Mapping of test data in tension and compression principal stress domain with and
without interaction; (right) depiction of the fracture body shape with some representative points. For the
validation of the FMC-based SFC for PMMA two data sets were available, one NY-2D-data set from
Sternstein-Myers and a SY-3D-data set from Matsushige
[Ste73] Sternstein S S and Myers F A: Yielding of glassy polymers in the second quadrant of principal stress space. J.
Macromol. Sci, Phys. B 8 (1973), 539-571

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 105



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

[Mat75] Matsushige K, Radcliffe S V and Baer E: The mechanical behavior of polystyrene under pressure. J. of Material
Science 10 (1975), 833-845.

micro-cracks and shear banding keeps volume. Therefore, due to the FMC ‘rules’ the dilatational 7,
is to employ in the SFC-approach for tension /; > 0. Under compression, brittle amorphous polymers
classically shear-band (SY) and experience friction. Therefore, /; must be employed in the approach
for I; < 0 in order to consider material internal friction. ‘Mises’ means frictionless yielding and
therefore it forms a cylinder.

For obtaining the complete yield failure body (Fig.9-2) its parts NY and SY are to interact in the
transition zone. Doing this the used Mathcad 15 code had no problems to generate the 3D-failure
body, however the 2D-visualization of the NY failure surface using Mathcad 15 code (a 35 DIN A4-
pages application) was too challenging for the solver which had to face a concave 2D principal stress
plane situation instead of a usual convex one.

LL: The failure type crazing shows a ‘curiosity’ under tensile stress states: A non-convex shape
— t
exists for Onset-of-Crazing (R, ). This violates the convexity stability postulate of Drucker,

meaning “If the stress-strain curve has a negative slope then the material is not Drucker-stable .
The inflection point of the hyperboloid results from the derivation dF/dl; of the NF criterion,

«/4 —1.2 |
neglecting 120°-symmetry (see later chapter) FNF = J > 1|§t/3+ 1_ 1

9.2 Compressive (shear) Fracture Toughness K© [CUN22,84.2]

ller?
Some reasons caused the author to search a compressive fracture toughness:

e An early citation of A. Carpinteri, that approximately reads: “With homogeneous isotropic

brittle materials there are 2 real energy release rates G]c » G]]cr , one in tension and one in
compression”

e The number of the (basic) fracture toughness quantities may be theoretically at least also 2,
namely K;.,’ = K. together with Kj;,* (Fig.9-3) and

e The novel approach Finite Fracture Mechanics (FFM) that offers a hybrid criterion to more
realistically predict the crack initiation in brittle isotropic and UD materials.

A stringent postulate for the author was crack path stability which can be explained “Only an angle-
stable, self-similar crack growth plane-associated critical Stress Intensity Factor (fracture toughness)
is a ‘basic’ property”. This requires as presumption an ideally homogeneous isotropic material in
front of the crack-tip. Therefore, the investigation is only for an ideal structural mechanics building
of importance, because in practice, there are usually no ideal homogeneous conditions at the crack-
tip.

Practically, facture mechanics is presently only tensile driven performed using K;. = Ky, as a clear
critical fracture intensity, where the crack plane does not change (the index cr is necessarily to be
taken in this document in order to separate tension ' from compression ©). Why shouldn’t there not be
a quantity Ky* that fits as an opposite complement to Ky, and where, in an ideal case of no flaws in
front of the crack tip, the crack plane grows further along the generated shear fracture angle under a
compressive fracture load?

The Fracture Mechanics Mode I delivers a real, ‘basic’ fracture resistance property generated under
a tensile stress. Both the Modes 11 Ky, and III Ky do not show a stable crack plane situation but are
nevertheless essential FM model parameters to capture ‘mixed mode loading’ for performing a multi-
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t
lcr

model parameters driving the crack plane in direction of a finally Klc-driven failure.

With the Mode-II compressive fracture toughness Ky, it is like with strength. One says
compressive failure, but actually shear (stress) failure is meant, compressive stress is ‘only’ the
descriptive term. Therefore the shear index p is to apply with Ky,” . One
has to keep in mind: In mechanical engineering the structural tasks are usually lie in the tension

axial assessment of the far-field stress state. — R' and K correspond! They are ‘just’ very helpful

domain (index ' is skipped), whereas oppositely in civil engineering the compression domain is faced
(index ° is skipped):

*Tension domain: One knows from K., (tension), that — viewing the fracture angle - it
corresponds to R'.

*Compression domain: Above not generally known second basic SIF Kj;.,“ seems to exist
under ideal conditions. It corresponds to shear fracture SF happening under compressive
stress R° and leading to the angle @;,°. The crack surfaces are closed for Ky, friction
sliding occurs.

}

<

¢ Mode I: Opening Mode II: In-plane shear  Mode III: Out-of-plane shear
Fig.9-3: Classical Fracture Mechanics modes

Some proof of the author’s postulate could be: There exists a minimum value of the compressive
loading at a certain fracture angle. This means that the K., becomes a minimum, too. Liu et al
performed in [Liul4] tests using a cement mortar material, (£ig.9-4). » From his measured results,
by now, it seems to - theoretically at least - that the ‘generic’ number 2 is met.

30

critical stress

0 10 20 30 40 50 60 70 8 90

Fig.9-4: Scheme of the test set-up and of the test points obtained for cement mortar [Liul4],
oy represents the mathematical stress oy, (largest compressive stress value).

[Liu J, Zhu Z and Wang B: The fracture characteristic of three collinear cracks under true tri-axial compression. The
scientific World Journal, V 2014, article ID459025]

For the transversely-isotropic UD lamina materials it seems directly to match: » 5 fracture
toughness properties correspond to 5 strength properties, ‘generic’ number postulate is fulfilled.
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LL: *Fracture Mechanics seems to follow material symmetry ‘rules’ and to possess a ‘generic’
number, too.
* Note on Ky, as a design entity: Is of theoretical, but not of practical value due to the
usually faced not ideal homogeneous situation of ‘isotropic materials’ at crack tips.
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10 Automated Generation of Constant Fatigue Life curves considering Mean Stress Effect
Aim: Automated derivation of the Constant Life Curve with discussion of the Mean Stress Correction

Generally, in Design Verification (DV) it is to demonstrate that “No relevant limit failure state is
met considering all Dimensioning Load Cases (DLCs)”. This involves cyclic DLCs, focusing lifetime
with non-cracked and cracked structural parts (the latter would require Damage Tolerance tools).
Methods for the prediction of durability, regarding the lifespan of the structural material and thereby
of the structural part, involves long time static loading which is linked to ‘static fatigue® and in
particular to ‘cyclic fatigue’. Fatigue failure requires a procedure for the Fatigue Life Estimation
necessary to meet above cyclic DV.

Domains of Fatigue Scenarios and Analyses are:

LCF: high stressing and straining

HCF: intermediate stressing 10.000 < n < 2.000.000 cycles (rotor tubes, bridges,
towers, off-shore structures, planes, etc.)

VHCEF: low stress and low strain amplitudes (see SPP1466 Very High Cycle Fatigue >
107 cycles (in centrifuges, wind energy rotor blades, etc.).

Principally, in order to avoid either to be too conservative or too un-conservative, a separation of the
always needed ‘analysis of the average structural behaviour’ in Design Dimensioning (using average
properties and average stress-strain curves) in order to obtain the best structural information (= 50%
expectation value) is required from the mandatory single DV-analysis of the final design, where
statistically minimum values for strength and minimum, or mean and maximum values for other task-
demanded properties are applied as Design Values.

10.1 Fatigue Micro-Damage Drivers of Ductile and Brittle behaving Materials, see [Cun23b]

There are strain-life (plastic deformation decisive, plastic strain-based &,(N)) and stress-life
models (SN) used. For ductile materials, strain-life models are applied because a single yield
mechanism dominates and the alternating stress amplitude counts. For brittle materials, the elastic
strain amplitude becomes dominant and stress-life models are applied. With brittle materials inelastic
micro-damage mechanisms drive fatigue failure and several fracture mechanisms may come to act.
This asks for a modal approach that captures all failure modes which are now fracture modes.

Above two models can be depicted in a Goodman diagram and in a Haigh diagram. The Haigh
diagram (o,,0,,) will be applied here because the often used Goodman employs just one quantity
ogor Ao =2-0gq oro_  which is not sufficient. A Haigh Diagram represents all available SN curve

information by its ‘Constant Fatigue Life (CFL) curves, being the focus here and using the two
quantities og, R .

Basic differences between ductile and brittle materials are the following ones:

¢ Ductile Material Behavior, isotropic materials: mild steel
1 micro-damage mechanism acts = “slip band shear yielding* and drives micro-damage
under tensile, compressive, shear and torsional cyclic stresses: This single mechanism is
primarily described by 1 SFC, yield failure condition (HMH, ‘Mises*)!

o Brittle Material Behavior, isotropic materials: concrete, grey cast iron, etc.
2 micro-damage driving mechanisms act = 2 fracture failure modes Normal Fracture failure
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(NF) and Shear Fracture failure (SF) under compression described by 2 fracture conditions,
the 2 SFCs for NF and SF, where porosity is always to consider

e Brittle Material Behavior, transversely-isotropic UD-materials:
5 micro-damage driving fracture failure mechanisms act = 5 fracture failure modes
described by 5 SFCs or strength fracture failure conditions.

A very essential topic is the so-called ‘Mean stress sensitivity’: Within [Cun23b] the author
attempts to redirect the ‘Thinking, resulting from ductile material behavior using ‘Mean stress
influence correction factors’, which in reality means ‘Walking on crutches’, into a direct ‘Thinking
with fracture modes facing a realistic brittle material behavior’.

Not fully ductile isotropic materials show an influence of the mean stress on the fatigue strength
depending on the (static) strength ratio R/R’ and the material type. Mean stresses in the tensile range,
o> 0 MPa, lead to a lower permanently sustainable amplitude, whereas compressive mean stresses

o _ <0 MPa increase the permanently sustainable amplitude or in other words.

LL:

* A tensile mean stress lowers the fatigue strength and a compressive mean stress increases the
fatigue strength

* If it is a pretty ductile material one has one mode ‘yielding' and if the material is pretty brittle then
many ‘fracture modes’ are to consider

* Brittle materials like the transversely-isotropic UD material with its five fracture failure modes
possess strong mean stress sensitivity, a brittle steel material just 2 modes

* Whether a material has an endurance fatigue limit is usually open regarding the lack of VHCF tests.
The strength at 2:10° cycles might be only termed apparent fatigue strength (scheinbare
Dauerfestigkeit). However, e.g. CFRP could possess a high fatigue limit.

* Whether the material’s micro-damage driver remains the same from LCF until VHCF is
questionable and must be verified in each given design case (continuum micro-damage mechanics is
asked here)

* The ‘ductile material behavior thinking’ in ‘Mean stress influence’ is to redirect for brittle materials
into a thinking in fracture modes.

10.2 Mapping Challenge of the decisive Transition Zone in the Haigh diagram [Cun23b]

The course of the test data in the transition zone determines the grade of the mean stress sensitivity.
In Fig.10-1, at first all essential quantities are illustrated. Further, two Constant Fatigue Life (CFL)-
of a brittle material are displayed, for the envelopes N = 1 and N = 10”. The pure mode
domains are colored and the so-called transition zone is separated by R;,,s into two influence parts.
The course of the R-value in the Haigh diagram is represented by the bold dark blue lines. The CFL
curve N =1 is curved at top because 2 modes act in the case of brittle materials! This is in contrast to
uniaxial static loading, depicted by the straight static envelopes, N = N, : One micro-damage cycle

results from the sum of 2 micro-damage portions, one comes from uploading and one from
unloading! For fully ductile materials practically no transition zone between 2 modes exists, because
just one single mode reigns, namely ‘shear yielding’. Therefore, it is no mean stress effect to correct
in this case!
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Fig.10-1, Haigh Diagrams: Scheme of pure mode domains, course of R and transition zone parts .
(a:= amplitude, m:= mean, N := number of fracture cycles, R :=strength and R := opin/omax

The quality of mapping the course of data in the transition zone is practically checked by “How

good is the more or less steep course along the stress ratio Ry,s-line mapped?” This is performed by

following the physical reality, that the pure SF-domain is fully decoupled from the NF-domain, and
employing oppositely running decay functions f4 see Fig. 10-2.

Eff = [(Ef )" +(Ef S )" 1™ = 100% or
(_(GZm — 0y, )+|O-2m _O-2a|)jm +(O-2m +0,, +|O-2m +O—2a|)Jm _

L _ —1
2.R°-f, 2R,
+
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/ )«
IFF2 N = const \
/'/ IFF1
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Fig.10-2, example UD material: Course of the decay functions in the transition zone -0 <R <0
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Fig.10-2 illustrates the course of the mode decay functions f; for the tension and the compression
domain. The straight lines in the figure present the extreme SN curve beams, R = o for the SF
domain and R = 0 for the NF domain. In between, the envisaged slightly colored transition zone (
-0 <R <0) is located. Mean stress sensitivity of brittle materials is demonstrated very impressively
if the so-called ‘strength ratio’ = compressive strength / tensile strength R/R’ is high. The two plots in
Fig. 10-3 will clearly document this.

LL:
* A large strength ratio R%/R" stands for a large mean stress sensitivity

* A steep decay cannot be captured by a ‘mean stress correction factor’ as can be still
performed with not fully ductile materials

10.3 Estimation of the cyclic Micro-damage Portions of Brittle Materials

A very essential question in the estimation of the lifetime of brittle materials is a means to assess the
micro-damage portions occurring under cycling. Here, for brittle behavior the response from practice
is: It is permitted to apply validated static SFCs due to the experienced fact:

“If the failure mechanism of a mode cyclically remains the same as in the static case, then the
fatigue micro-damage-driving failure parameters are the same and the applicability of static SFCs is
allowed for quantifying micro-damage portions”. This is supported because FMC-based static SFCs
apply equivalent stresses of a mode SF or NF. See again Fig.10-2 above.

10.4 Automatic Establishment of Constant Fatigue Life Curves (for details , see [Cun23b]

For a decade the author’s intensive concern was to automatically generate Constant Fatigue Life
curves on basis of just a few tested Master SN curves coupled to an appropriate physically based
model. Such a model the author obtained when M. Kawai gave a presentation during the author’s
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Fig.10-3, UD Haigh diagram: (up) FF with low strength ratio as with ductile materials. Rigorous
Interpretation of the Haigh diagram for the UD-example FF1-FF2 displaying failure mode domains and

transition zone [16], CFRP/EP, R/ =1980, R’ =1500, R; =51, R} =172, R,, =71 [MPa].
(down) IFF with high strength ratio as with brittle materials Display of a two-fold mode effect (a:= amplitude,

m:= mean, N := number of fracture cycles, R := strength and R := 6min/omay). Test data CF/EP, courtesy
Clemens Hahne, AUDI

conference on composite fatigue in 2010 at CU Augsburg. Kawai’s so-called ‘Modified fatigue
strength ratio’ ¥ - model was the fruitful tool found. Kawai’s presented procedure was a novelty and
is applicable to brittle materials such like UD plies (depicted later in Fig.10-4) and isotropic concrete
material as well.

Fig. 10-3 (left) displays the differently-colored failure mode domains FF1-FF2 in a UD FF Haigh
diagram and (right) IFF1-IFF2 in a UD IFF Haigh diagram. The available test data set along Ry, in
the transition zone is represented by the crosses.

The decay model quality in Fig.10-3(right) proves the efficiency of the decay functions in the
transition zone. For proving this the author is very thankful because this was only possible because he
got access to the test results of C. Hahne, AUDL

In Fig.10-4 the course of the cyclic failure test data can be well mapped by the 4-paramater Weibull
formula R=constant: o, (R,N)=c, +(c,—c,)/exp(logN /c3)°4.
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Fig.10-4: SN-curve, lin-log displayed IFF1-IFF2-linked SN curves [test data, courtesy C. Hahne, AUDI]
[Kawai M: A phenomenological model for off-axis fatigue behavior of uni-directional polymer matrix composites under

10.4 Lifetime Estimation

different stress ratios. Composites Part A 35 (2004), 955-963]

The so-called Palmgren-Miner rule is applied for summing up the cyclic micro-damage portions.
Statistical analyses in the German aeronautical handbook HSB have shown that the fatigue life
estimation using the linear accumulation method of Palmgren-Miner tends to be too optimistic.

However a satisfactory reason with correction could not yet found:

One explanation is the ‘Right use of the right SFC: Mises is not anymore fully applicable?’

A more severe second explanation is the loss of the loading sequence, an effect which is
different for ductile and brittle materials. This inaccuracy is practically considered in design

by the application of the so-called Relative Miner with defining a Dye,giple  and which must

be <100 %.

In the case of variable amplitude loading several SN curves are needed. An example for the
computation of the lifetime estimation is displayed by Fig./0-5.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25

* carbon-connected.de/Group/Prof.Ralf.Cuntze 114



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

G™ode A .’ 0.9 0<R<1

NF mode
S-N curves

2 master curves

NF:R= 0.1
SF:R=10
2 predictedcurves
ower
stress NF:R=0.5,0.9
.
: SF mode

R=10 '\ SNcurve O<R<®

D = n/Ny+ny /Ny +n;/ Ny + n/N; = Dypenio
Miner (Relative) apphication: Diy,..y, - Calibration from test experience

[ Accumulation of Portions

Fig.10-5: Lifetime Prediction (estimation) Method .Summing up of micro-damage portions by application of
the Palmgren-Miner rule. Schematic application of a simple example, 4 blocks.
Dreasible from test experience

LL:

* A ‘closed CFL-procedure’ - as a coupled method - could be found to generate mandatory test data-
based Constant Life Fatigue curves by using a Master SN curve plus the supporting model to
determine other required SN-curves employing Kawai’s ¥-model

* The challenging decay along Rtrans = -R°/ R' could be modelled (strength has a bias letter)

* Test data along Rtrans are more helpful than for R = -1, which is standard with ductile behavior

* Right use of the right SFC. One cannot blame ‘Mises’ if yielding is not anymore decisive for the
creation of the micro-damage portions

* The Palmgren-Miner rule cannot account for loading sequence effects, residual stresses, and for
stresses below the fatigue limit (life — o ?)

* Viewing brittle materials, all the SN curves have their physical origin in the strength points.

» The author would like to recommend: Redirect the traditional Thinking, resulting from ductile
material behavior regarding Mean stress correction’ into a ‘Thinking with fracture modes’ in the
case of the usually not fully ductile structural materials.
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11 Evidencing 120°-symmetrical Failure Bodies of Brittle and Ductile Isotropic Materials

Aim: Structural Materials Building, Proof that ‘All isotropic materials possess 120° rotational symmetry’
with presentation of 3D-SFCs for isotropic, transversely isotropic UD-materials and orthotropic ones.

11.1 General

From experiments is known, that brittle isotropic materials possess a so-called 120°-axially
symmetric fracture failure body in the compressive domain. The question arises: Should ductile
materials in the tensile domain not also possess a 120°-axially symmetric yield loci envelope instead
of having just the rotationally symmetric ‘Mises cylinder’?

According to the French saying ” Les extrémes se touchent” and based on his FMC-thinking the
author assumed that there is a large similarity in the description of the behavior of very ductile and
very brittle materials. Also with ductile materials a 120°-rotational symmetry should be found. In
order to prove the 120°-rotational symmetry, test results from bi-axially measuring test specimens are
necessary, such as a cruciform or a cylinder.

Searched is the description of a complete failure body. This requires that the SFC captures both the
positive and the negative I;-domain. Further, the 120°- rotational symmetry should be mapped by the
SFC approach (use of J3), too.

Thereby, brittle and ductile material behaviors are to discriminate:
Brittle: In order to show the difference of brittle to ductile materials Fig. //-1 outlines the brittle
material with its features R"™ < R'and R > R®. (Probably not considering the natural flaws in

concrete, in [Lem08] was published R™ > R'which is physically not explainable and might be the

consequence of the difficult measurement).
Ductile: Deformation measurements prove that for the same strain value of the growing yield

surface it holds that equi-biaxial stress &%(2D) > &'(1D). This is similar to brittle concrete in

the compressive domain where R® >R®and demonstrates the validity of the 120°-axial
symmetry here, too.

Note:
Brittle: bi-axial tension = ‘weakest link failure behavior (schwdchstes Glied -Versagen )
Brittle: bi-axial compression = redundant (benign) failure behavior  (Stltzwirkung)
Ductile: bi-axial compression = redundant (benign) failure behavior  (Stltzwirkung).

11.2 Brittle Isotropic Materials (Metals, Glass, Ceramics, Concrete, Soil, ..)
2 modes — 2 SFCs, which is in line with the ‘generic’ number 2 according to the FMC.

3D-SFCs of Isotropic Dense Materials

* Normal Fracture NF for I, >0 < SFCs = Shear Fracture SF for I, <0

v 43, 0N —12/3+1, o V4, 0T — 17341,
:C® . — =1 o =c =1
2-R 2-R

after inserting o=R- Eff and dissolving for Eff follows
43,0  —11 /341, o J43,-0% 121341, ofF

< EffF=¢F — 9
© 2-RC R

FNF o F¥=c

Eff " =c]

2.R' R'
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The formulation of " generates a straight line in the principal stress plane!

3D-SFCs of Isotropic Porous Materials with model parameter determination

* Normal Fracture NF for 1, >0 < SFCs = Crushing Fracture CrF for 1, <0
FNF _ oNF .\/4‘]2 0" — I12 [3+1, -1 FCrF _ cCrF .\/4‘]2 0% — |12 [3+1, -1
=ch = = =

2-R © 2-R°
after inserting o= R- Eff and dissolving for Eff follows

£ VF 2o .,/432 0" 171341, Oy o EffCF 2 OF _\/432 @ - 1,2/3+1, _ oo" |
© 2-R' © 2-R° R
with |, =(o, +0, +0,,) = f(o), 6J,=(c,-0,) +(co,~-0,) +(c, -0,) = (1)

RI
27‘]3 = (ZGI 0, — Oy ): (20'” 0, ~ 0y ) (ZGIII 0, ~0y)
If a failure body is rotationally symmetric, then ® = 1 like for the neutral or shear meridian, respectively .

A 2-fold acting mode makes the rotationally symmetric fracture body 120°-symmetric and is modelled
by using the invariant J, and ® as non-circularity function with d as non-circularity parameter

O"F =g+ d"™ sin@9 = f1+d¥ 15-45-3,-3,° o O =14d°" 15.45.9,.9,7

Lode angle 4, here set as sin(3 - §) with ‘neutral® (shear meridian) angle $=0°(—> 0 =1,d =0) ;

tensile meridian angle 30° — ©" =3/1+d"" - (+1) ; compr. mer. angle -30° — @°" = §/1+d°F - (-1) .

Mode interaction — Equation of the fracture body: Eff = [(Eff "*)" + (Eff ©F)"]" =1=100%

Eff = n;/CNF-\/4‘]2‘®NF_|12/3+|1)m + cch.\/4‘JZ'®CrF_|1Z/3+|1
- o

— — "=1
0 2-R' 2-R° )

* 120°-rotat. symmetric ® =1
co” — ¢ =1(®" =1in practice chosen).
CgF ,d"" from the 2 points (R', 0, 0)— C@'\)IF and (R",R", 0)— d™" or min.error fit of data course
cg™,d" from the 2 points (-R°, 0,0) > ¢S and (-R*,-R*,0) - d°".
The failure surface is closed at both the ends! A paraboloid serves as closing cap and bottom
I_l_ =% .(‘52“]2_'®NF )+ maxll , Il_ = g™ .(*52‘]2_' o ) + minl_l
J3-R' R' Y3-RY T BAR R' J3-R
Slope parameters s are determined connecting the respective hydrostatic strength point with the
associated point on the tensile and compressive meridian, max I, must be assessed whereas min I,

can be measured. R* works as normalization strength. [CUN 22,85]).

[Lem08] Lemnitzer L, Eckfeld L, Lindorf A and Curbach M (IfM TU Dresden): Bi-axial tensile strength of concrete —
Answers from statistics. In: Walraven, J. C.; Stoelhorst, D. (Hrsg.): Tailor made concrete structures. New solutions for
our society. Amsterdam, The Netherlands: CRC Press / Balkema, 2008, S. 1101-1102

In order to illustrate the various SFCs a 3D-concrete Fracture Body is presented: (more pictures of such
fracture bodies are found in [CUN22]).
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Fig.11-1: Visualization of the behavior of a brittle material (Normal Concrete) considering 1D stress-strain
curve with 2D- and 3D-fracture failure curves and fracture body (surface). 120°-rotationally-symmetric
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11.5 Ductile Materials, Metal

In Fig.11-2(left), the failure body is presented with its meridians as axial lines. The center figure
fully proves the general isotropic 120°-material rotational symmetry which is supported by the Mises
ellipse being the inclined cross-section of the Mises cylinder failure body is added. The right
octahedral figure shows the inner green curve with the Mises circle at the and the
outer one at tensile strength R".

I c ) , O
=1 ompressive
ER Meridian »
mirrored Tensile Meridian \ y
600
2 i L~ X
300 v o

: 3
Tensile i1 . . /

Meridian v : ! 7
| : ¥ e
=1 =05 0 ©5 1 0 100 200 300 400 500 600 700 800 I X
21 36T+ d It
__t2 ;\t - cll-; =cT
* c12 = 0.012 dt=0338 cr=1114 Rt = 478 Rt” t

Fig.11-2, isotropic steel AA5182-0: Visualization of the behavior of a ductile material. (left) Yield body in
Haigh-Lode-Wintergaard coordinates; (center) 120°-symmetry, visualized in the principal stress plane; (right)
120°-symmetry, visualized in the octahedral stress plane

The 120°-rotational symmetry can be best displayed in the octahedral stress plane which is a

‘horizontal’ cross-section of the failure body at a distinct /;, Fig.11-2(right). The points and curves on
the spatial body (left figure) are projected onto the octahedral plane (right figure). Since they depend
on /;, they have different cross-section heights /;, such as the uniaxial tensile strength point which is
located higher than the equi-biaxial strength point x.

In the center figure, Mises is the green curve; red square: the tensile strength point; cross: the equi-
biaxial tensile strength point ductile (trueR", trueR", 0), i. e. the cross x. In the case of ductile metals it
can be assumed R" = 1.1-R".

An elaboration of four materials with the Mathcad calculation program leads to the Fig.//-3 below:

Fig. 11-3(left) presents curves through the uniaxial tensile strength points and the equi-biaxial strength
R". The curves are inclined cross-sections of the failure body. Fig.ll-3(right), for completion,
displays the Beltrami potential surface (- ¢ shaped), the ‘Mises’ cylinder and the three principal axes.

The figure shows extreme curve examples at trueR" level in the positive principal stress range. The
red curve is occupied by the data of Kuwabara given below in the table, shown within Fig.//-4. The
metal test data AA 5182-0 are from [Kuw98] T. Kuwabara et al: Journal of Materials Processing
Technology 80-81 (1998) 517-523. Gotoh's biquadratic yield criterion (not given here) was used to
map the test data of the cold-rolled low-carbon steel AA 5182-0 sheets.
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Fig.11-3: (left) Normalized principal stress plane failure curves of a set of fully different isotropic materials.
(right) Failure body surface

Fig.11-4 depicts several failure cross-sections of an isotropic ductile steel demonstrating 120°-
rotational symmetry like the brittle isotropic materials such as concrete in the compression domain

and other ductile ones in the tensile domain.

For the generation of Fig.l//-4 biaxial tensile tests of cold-rolled low-carbon steel sheet were
carried out using flat cruciform specimens with the biaxial loads maintained in fixed proportion.
Contours of plastic work (of flow potential) were determined in stress space under the shown strain

range.
400 T Y
[ Gotoh's biquadratic
| 1 <
g % 300
>
= ~
g &
. 200 4
----- g 42"'1! ; &!
l‘i ! ©0.0005
e |' ©00.002
L, . 1 | | m0.005
100 : ! 0 0.01
| : ‘ A0.02
! I i v 0.03
| ! €0.04
o 1 1 1
0 0.01 0.02 0.03 0.04
400 £y £,
o,/ MPa
<f 0.0005 0.002 0.005 0.010 0.020 0.030 0.040
gr @ 0.0005 © 0.002 = 0.005 W (MPa) 007 033 089 192 419 668 933
° 5 0.010 a 0.020 ¥ 0.030 G (MPa) 158 180 196 214 239 258 273
Goo (MPa) 162 184 199 215 238 256 271
Gy, (MPa) 163 184 202 225 260 288 310

Fig.11-4: (left) Test points as function of the experienced plastic straining gop' ; Mapping by using Gotoh’s bi-

quadratic criterion. (right) True stress—true strain curves for different biaxial loadings= different stress ratios.
Measured values using ro, r4s, Foo. T = 1mm, flat cruciform
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LL:

* The author was able to map the course of all the corresponding courses of test data points with his
isotropic SFC models.

* Also for the ductile materials, the 120°-rotational symmetry was demonstrated, see further
[CUN22, §5.8].

* The 120°-rotational symmetry of isotropic materials is nothing else than a ‘double mode effect, a

two-fold danger .

* This effect is faced with all isotropic materials independent whether they are ductile or brittle.

Reminder to illustrate elastic and plastic behavior:

* Elastic deformation of crystalline structures occurs on the atomic scale: The bonds of the atoms in the
crystal lattice are stretched. When de-loading, the energy stored within these bonds can be reversed. The
material behaves elastic.

* Plastic deformation or sliding occurs along gliding planes inter-crystalline or intra-crystalline and is
permanent (plastic). No volumetric change is faced. ‘Mises’ applied.
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12 Completion of the Strength Mechanics Building
Aim: Completion of a material- ‘generic’ number driven Strength Mechanics Building

In the frame of his material symmetry-driven thoughts the author intended to test-proof some ideas
that help to complete the Strength Mechanics Building by finding missing links and by providing
engineering-practical strength criteria (SFCs), the parameters of which are directly measurable.

All this supports the assumption of a ‘generic’ number for the smeared-modelled materials.

The obtained Strength Mechanics Building matured, became clearer and more complete.

LL:

v’ Beside the standard Shear (band) Yielding SY there also exists Normal Yielding NY
analogous to the failure modes Shear Fracture SF and Normal Fracture NF (author
assumption proven)

v 120°rotational symmetry is inherent to brittle and ductile isotropic materials (author
assumption proven)

v’ Generic number 2, Ky, with Ki,* : Kpe," was theoretically proven for the non-real, ideal
case of no flaws in front of crack tip

v’ Also in consequence of above building: Different but similar behaving materials can be
basically treated with the same SFC. Examples are: Concrete <> foam, different fabrics.

Material Symmetry seems to tell:

“In the case of ideally homogeneous materials a generic number is inherent. This is valid for elastic
entities, yield modes and fracture modes, for yield strengths Ry; and fracture strengths R, fracture

2

toughness entities K., and for the invariants used to generate strength criteria”.
This generic number is
2 for isotropic and 5 for transversely—isotropic materials,

One might think:
“Mother Nature gives Strength Mechanics a mathematical order ! 2”
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13 Safety Concept in Structural Engineering Disciplines

Aim: Providing basic knowledge for modeling, in order to pace the required finally necessary design
verification of a component.

Exemplarily, the designer of a structure (e.g. aerospace) has to demonstrate to the operator (airline)
and the regulator (airworthiness authority) compliance with the design requirements concerning
Structural Integrity of flight hardware components such as: Stiffness, strength, vibration, fracture
behaviour as well as to material selection, manufacturing process, hardware tests, inspection
methods, quality assurance and documentation. This procedure is principally valid for other
disciplines like civil engineering, too.

Structural Integrity of Hardware shall be proved by analyses and verified by tests under mission
environmental conditions considering the complete life history of each item.

13.1 General with Mentioning the Old safety Concept

A Safety Concept means to implement reliability into the structural component by ‘capturing’ the
uncertainty of the design parameters! It can just provide an unknown safety distance between load
(‘stress’ S) and load resistance (‘strength’ R). FoS capture uncertainties, small inaccuracies, and
simplifications in analyses w.r.t. manufacturing process, tolerances, loadings, material properties
(strength, elasticity etc.), structural analysis, geometry, strength failure conditions. FoS do not capture
missing accuracies in modeling, analysis, test data generation and test data evaluation!

In the deterministic concepts or formats, respectively, the worst case scenario is usually applied for
loadings considering temperature, moisture, undetected damage. Further, a load is to increase by a
‘Design FoS” and the resistances are to decrease. For the decrease of the strength, statistical
distributions are used. If the loading is also based on a statistical distribution, then one speaks about a
semi-probabilistic format.

Design Development was the basic work of the author in industry. This is why at first the Flow
Chart below shall remind of the structural analysis tasks. There are basically four blocks, where —
after the material Model Validations - the fulfillment of the Design Requirements has to be
demonstrated for obtaining Design Verification as precondition of the final Certification Procedure.

Analysis of Design Loads,

Dimensioning Load Cases
Thermal
analysis A
Hygro-thermal mechanical Stress and Strain analysis

(input: average physical design data)

v
v v v v

Damage tolerance, Stiffness, Strain, Strength Stability
crash, and fatigue life Deformation demonstration| |demonstration
demonstration

demonstration

Figl13-1: Structural Design-Analysis Flow Chart

Essential question of engineers in mechanical and in civil engineering is: “How much could one
further increase the loading “. Which is the reserve?
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Old Safety Concept of Allowable Stresses:

At least since 1926 the civil engineer M. Mayer questioned the old safety concept, which used
allowable stresses, meaning: resistance was reduced by a design safety factor.
This gives no accurate results in the case of non-linear behavior. In construction this was replaced
since some decades in DIN 1054 by the Partial Safety Factor concept, which applies design safety
factors and combination factors for general service loads, live loads, snow, ice loads, and wind loads.
Temperature effects are specified in DIN 1055-100.

Material resistance must be generally demonstrated by a positive Margin of Safety MoS or a
Reserve Factor RF = MoS - 1 > 1 in order to achieve Structural Integrity for the envisaged Design
Limit State! A FoS is given and not to calculate (as it is too often to read even in FEA code manuals) like
the Margin of Safety MoS or the Reserve Factor RF = MoS + 1.

Fig.13-2 visualizes the stress-strength distribution which outlines that the crossing over will
determine the probability of failure pr Its value is the area of the psdistribution within the
overlapping (gusset) of the stress and the strength distribution tails, see for details [CUN22, §16]

load analysis
\ stress
\ level

stress
strength
A old 'new’
001 \eserve reserve /
4 Cee
T s

.l

002

\\

002

200 250 300 I 350 ‘ a0 450 00
in MPa
-
limit state ultimate limit state
allowable stress (zuldssige Spannung)
@ strength design allowable

Fig.13-2: Visualization of the present (‘new’) and the old safety concept

LL:

The citation of the term ‘allowable stress‘ is restricted to the former ‘Concept of Allowable
Stresses * and shall be not applied within present concepts anymore. Why? The usual application
of the abbreviating term ‘allowable* instead of ‘strength design allowable may not confuse, but
‘allowable stress ‘ is error-prone because the relation below is valid:

] - allowable stress = strength design allowable !! (see again the figure above) !

13.2 Global (lumped) Factor of Safety Concept (‘deterministic format’) on Loading
Concept, that deterministically accounts for design uncertainties in a lumped (global) manner
by enlarging the 'design limit loads’ through multiplication with a design Factor of Safety FoS ;.

As still mentioned, FoS are applied to decrease the chance of failure by capturing the uncertainties
of all the given variables outside the control of the designer. In the design process the scatter of
individual values and parameters is usually treated by using fixed deterministic FoS, which act as
load increasing multiplying factors FoS and should be called, more correctly, Design FoS.
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Personal Experience:
A safety distance pays off “.

Comodo waran ~ 80 kg

Presently, in mechanical engineering the loading is increased by one lumped (global) FoS j, and in
civil engineering the procedure was improved by using several partial Design FoS y for the uncertain
stochastic design variables. These FoS are based on long term minimum risk experience with
structural testing. Depending on the risk consequences different classes of FoS are applied, e.g. for
manned space-crafts higher FoS are used than for unmanned space-crafts.

Present spacecraft safety concept is an improved global deterministic format (intention: semi-
probabilistic) = ‘Simplest’ Partial Safety Factor concept: It discriminates load model uncertainties

considering factors ( K, .., K, Projec . ) from design uncertainties which are considered by one global
FoS ;!

The to be applied values j for the FoS are risk or task driven. Facts to consider are:

- As mentioned exemplarily: Different application in cases of manned, un-manned
spacecraft

- Design verification by ‘Analysis only’ (by the way this is the usual case in construction)

- Different risk acceptance attitude of the various industries.
Example: DUL = j,; - design limit load DLL

Mind: The virtual design value must be written DUL, because is the real test fracture load.

Different loading (action) FoS in aircraft and space engineering:

The first task in aerospace industry is load analysis. In any load analysis there are to establish all
load events the structure is likely to experience in later application. This includes as well the
estimation of loadings induced by the hygro-thermal, the mechanical (static, cyclic and impact) and
the acoustical environment of the structure as further the corresponding lifetime requirements
(duration, number of cycles), specified by an authority or a standard. Then,
the so-called Design Limit Load values are determined, usually derived from mission simulations
utilizing the so-called mathematical models of the full structure (dynamical analyses, at first on basis
of the preliminary design).

When preparing the HSB sheet [Cun12] the author sorted out, that there practically is no different

risk view between air-craft and space-craft:

* Spacecraft: using a dynamic Limit Load model obtaining a basic load prediction dLL
considering a load model uncertainty considering factor j ,, =1.2. This delivers a Design

Limit Load DLL=1.2 -dLL, and from this follows DUL =dLL- j,, -j,» With 1.2 -1.25
=1.5!1The DLL level is applied in spacecraft in fatigue life demonstration.
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* Aircraft: Definition of a so-called (design) Limit Load LL delivering DUL = LL-1.5.

LL: The author could conclude after comparing the ESA/ESTEC aerospace Standards (the author had
to work on), that the DUL-value is practically the same value in aircraft and in spacecraft !

The resistance strength and the bearable loads (at joints etc ...):

Dependent on the design requirements the average, the upper or a lower value of the property is
used for the various properties. In the case of strength a statistically reduced value R. To achieve a
reliable design the so-called Design Allowable has to be applied. It is a value, beyond which at least
99% (“A”-value) or 90% (“B”-value) of the population of values is expected to fall, with a 95%
confidence (on test data achievement) level, see MIL-HDBK 17. A “B”-value is permitted to use for
multi-layered, redundant laminates.

Bearable loads require series tests of the distinctive structural component with statistical evaluation in
order to determine the ‘load-resistance design allowables’.

Measurement data sets are the result of a Test Agreement (norm or standard), that serve the desire to
make a comparability of different test procedure results possible. The Test Agreement consists of test
rig, test specification, test specimen and test data evaluation method and the Test Procedure.
Therefore, one can only speak about ’exact test results in the frame of the obtained test quality’.
Hence, there are no exact property values.

Test specimens shall be manufactured like the structure (‘as-built’).

Considering property input: When applying test data from °‘isolated lamina’ test specimens (/ike
tensile coupons) to an embedded lamina of a laminate one should consider that coupon test deliver
tests results of ‘weakest link’ type. An embedded or even an only one-sided constrained lamina,
however, possesses redundant behavior — “B”-values permitted.

Reserve Factor RF and Margin of Safety MoS: Formulas:

Linear analysis is sufficient (presumption): o ~load = RF = frr=1/Eff
Strength Design Allowable R
Stress at j,,, - Design Limit Load
Non-linear analysis required: o not proportional to load
_ Predicted Failure Load at Eff =100%

Reserve Factor (load-defined) RF,, = : —— > 1
Juit - Design Limit Load

Material Reserve Factor fRF’ Ut =

LL:

* A FoS is given and not to calculate such as a Margin of Safety MoS or the Reserve Factor RF =
MoS + 1.

* A MosS is usually the result of worst case assumptions that does not take care of the joint actions of
the stochastic design parameters and thereby cannot take care of their joint failure action and
probability. This failure probability is a ‘joint failure probability’ because it considers the
probability of joint acting

* A material with a high coefficient of variation CoV disqualifies itself, when computing the
statistically-based strength design allowable values. Therefore, one must not penalize it further as
performed in some standards in the past in the case of new materials.

* Both, an increasing mean value and a decreasing standard deviation will lower p;

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 126



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

* The MoS value does not outline a failure probability. Failure probability p; does not dramatically

increase if MoS turnss

*

reserve factor fge

lightly negative

A local safety measure of MoS = -1 %

is no problem in design development if
a ‘Think (about) Uncertainties attitude is developed in order to recognize the main driving
design parameters and to reduce the scatter (uncertainty) of them
* Nowadays often non-linear analyses are performed, delivering true quantities, however Design
Verification is executed with engineering strength values R. Why do we not use in such a case the
true tensile strength, but calculate fgr with four numbers accuracy?
* Fig.13-3 (left) visualizes strength distribution, Eff versus micro-damage growth and material

* True-in requires True-out and an assessment by trueR". The Fig.13-3 (right) shows for an

aluminum alloy a difference between the mean (material model) strength values englit — trueR'

of 8%.
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Fig.13-3: (left) Design quantities when approaching failure in Design Verification . (right) Difference
engineering and true tensile strength of AA2219

Robust Design Requirements:

The goal of any design engineer should be to end up with a robust design. In order ta o achieve this,
the main stochastic design parameters have to be used to outline the robustness of the design against
the envisaged actual failure mode by firstly computing the sensitivity measures o and then
investigating the reduction of the design’s sensitivity to changes of Xj while keeping pr at the
prescribed level. This is important for the production tolerances. Probabilistic design may be used as
an assessment of the deterministic design or is necessary as design method if a reliability target ¥ is
assigned instead of a FoS. or its complement, the probability of failure ps.

A structural reliability analysis in a Hot Spot reveals the influence of each stochastic design
parameter on the distinct failure mode by means of the sensitivity measures. Robust designs (robust
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to later changes of the design parameters) are required with identification of the most sensitive

d

esign parameters!

For better illustration of the Safety Concepts from [CUN22, §12] the Fig./3-4 is included. It clearly
depicts the definition of the failure probability in this two-parameter case.

Design advantages found with the Ariane Booster design, when using a probabilistic tool:

Two advantageous applications of the probabilistic tool shall be shortly demonstrated where
probabilistic modelling and computation were successfully applied:

* A reduced production tolerance width leads to a reduced mass which sequentially reduced
further fuel mass savings. Improved production reduced the wall thickness tolerance from
8.2 +- 0.20 mm to 8.2 +- 0.05 mm. Keeping the same given reliability value R=1-ps =

1- 5-10_6 the nominal wall thickness could be set — 8.1 +- 0.05 mm leading to mass and
(As early as 1985 for our

pre-design of the Ariane 5 launcher so-called target survival probabilities ‘R were fixed
for the several structural parts!)

fuel savings.

* Probabilistic modelling of the geometrical tolerances of bore hole, pin, position (pitch) and
strength minimum restrains with minimum residual stresses could be achieved, for the pin
connection an optimum number of pins of 130 pins for a simpler assembly process and
for reduced mounting stresses.

Load Level Stress Level
estimation of 1 | 0.02 I
| load distribution e LL distribution - Kpy §- strength ®
I V4 o distribution \
/n,LL\ / \ oo &
N 2 /
/ N
~ o _ bar I ./ MPa pod
4 45 5 55 6 6.5 7 15 8 85 yL ¢ 350 R 400 450 500
i1 {(D)UL yield strength design allowable
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Mises N 110 *4
Stress Response = Action Resistance
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equivalent stress strength o
) distribution /\ \@ distribution
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Fig.13-4: Visualization of the difference of the aerospace load terms used in the Strength Design Allowable
Safety Concept and of the ‘hopefully forgotten’ Allowable Stress Safety Concept

Fig.13-5 presents a numerical example how the reserve factor RF' is to compute.

Asssumption: Linear analysis permitted, design FoS j,,, =1.25
* Design loading (action): {o} .0 = {0} Ju
* 2D-stress state: {o} design =(01,0,,043.755.75.,7)" - Jyy = (0, =76, 0, 0, 0, 52)" MPa
* Residual stresses: 0 (effect vanishes with increasing micro —cracking)
* Strengths (resistance) : {ﬁ} = (1378, 950, 40, 125, 97)" MPa average from mesurement
statistically reduced {R} = (R|,R/,R},R,R )" = (1050, 725, 32, 112, 79)" MPa
* Friction value(s) : 4, =0.3, (4, =0.35), Mode interaction exponent: m =2.7
{Eff <} = (Effl, Effl", Eff 7, Eff *, Eff iH)T =(0.88, 0, 0, 0.21, 0.20)'

Eff" = (Eff')" + (Eff")" + (Eff )" + (Eff )" + (Eff )" = 100% .
The results above deliver the following material reserve factor f,. = 1/ Eff

o, +‘0'2‘

-0, +
«gif =222l Eff :0277\602\:0_60’ et -l g
2-R| 2-R/ R, —u, o,

Eff =[(Eff “2)" + (Eff )"+ (Eff )" '™ = 0.80.
= fi =1/ Eff =1.25 > RF =f(if linearity permitted) > MoS=RF -1=0.25>0 !

Fig.13-5: Computation of a Reserve Factor RF
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14 Nonlinear Stress-Strain relationships, Beltrami Theory with Change of Poisson’s Ratio v

Aim: Provision of a Basis to generate an ‘Extended Mises’ model as a simplified ‘Gurson’ model.

14.0 General on Stress-Strain curves o(c), Strengths R and Poisson’s Ratio v
There are two different stress-strain curves existing: the monotonic and the cyclic stress-strain

curve. The first curve is derived by the static tests, whereas the second one is generated by fatigue
tests. Strain-controlled cyclic hysteresis loops (Fig.14-1, left down) are performed on different strain
levels with several test specimens. Dependent on hardening and softening behavior of the actual
material these two curves may discriminate significantly. Monotonic stress-strain curves have long
been used to obtain design parameters for limitation of the stresses in engineering structures
subjected to static loading. Similarly, cyclic stress-strain curves are useful for assessing the durability

of structures subjected to repeated loading.
Further, in the case of monotonic c-e-curves there are very different, material-specific stress-strain

curves in the elastic-plastic transition domain, see Fig.14-1, left up and right. Some show an ‘Onset-
of-yield” at an upper yield stress level R} and others at a lower yield strength RPP®" . In this case

usually the lower yield point is taken as the yield strength of the metal.

b
= =|1] 2 3 4
Ry ZER femcmmfmmmmmmmceeeee s | =- i
i Elastic ~—i— Plastic
i;qppe;' s :,' X StressA |
' 7 1
Egou‘er fage : ! ! uTs N
L ’ ‘ !
’ M ] 1
‘ ' ) O - : 1 1
; 't 3 iai Yy 1
Hooke ~c=E-¢ i ; gaﬁggemal ! : i
! ' i 1
/ : / length s Sh
: : I eng M o
Liider =pi = =P 0 : iy :
: 4 &L > &, | & €, | €; Strain
elongation on s T Dl
) I
1 )
o . eyclic curve ' B
' | By
hysteresis curves - - g
/ 1 1o
/ 1 I |
monotonic Y ' : !
curve i
| T
: 1
A It P
% |
¢ ] : -
Total elongation {f_ost-uniorm elong
» —-1- I, - . -
_———————
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Fig.14-1, engineering quantities. modelling: (left,up) Discontinuous yielding, mean curve for mild
steel showing the yield point phenomenon, termed Liider’s elongation effect. (left, down) Cyclic curves.
(right) Tensile-test specimen with gage length, elongation before and after testing and finally after rupture
(from Kalpakjian S and Schmid S: Evaluation of the Possibility of Estimating Cyclic Stress-strain Para-meters and
Curves from Monotonic Properties of Steels. Manufacturing Engineering & Technology. 2013

For the ‘left up’- metals in the paper of Hai Qiu and Tadanobu Inoue: Evolution of Poisson’s Ratio in the
Tension Process of Low-Carbon Hot-Rolled Steel with Discontinuous Yielding. Metals 2023, 13, 562.
https://doi.org/10.3390/met13030562 four different regimes are distinguished: Phase 1: Uniform elastic
elongation, Phase 2: Discontinuous yielding, Phase 3 beyond Ry, : Uniform elongation in the
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hardening regime, Phase 4 beyondﬁt: Macroscopic plastic-strain localization experiencing radial
deformation. Low-alloy iron usually has such an upper yield limit R.;""*®" (Rey, Streckgrenze). 1f it is
stretched during the tensile test, a spontaneous yielding in the crystals-compound takes place under
loading. This so-called Liider’s elongation effect of mild metals as a part of plastic stretching
disappears until all crystals are finally commonly stretched. Austenitic steels do not have a
pronounced yield strength. Essential
for an accurate analysis is a stress-strain curve which is derived from a set of test curves, delivering

distributions for the design parameters R ,,, R, g and g

The yield strength is a material property defined as the stress at which a material begins to deform
plastically. If it is not well-defined (remind Liider) on the stress-strain curve, it is difficult to
determine a precise onset-of-yield point. In general, discriminating the proportional tensile limit Rprop
and Ry02 (= Ro2"), the offset yield point is taken as the stress at which 0.2% plastic deformation
remains (in English literature Ry, is termed proof stress). The mean stress at Onset-of-Yielding,
denoted ﬁo‘z will be applied for ductile modeling. The stress o(g,), considering only the plastic

deformation or plastic flow of the material, is termed Flow stress o .

By the way, the actual ‘Onset-0f-yielding at Ryrop = Oprop Can be determined by a temperature measurement.
If a metallic material is subjected to tensile stress, it first cools down in the area of elastic elongation
analogous to an ideal gas , thermo-elastic effect. With onset of plasticization heat is released, which leads to
an increase in temperature. This temperature is measurable with glued thermocouples. In other words: The
proportionality stress oo, Can be allocated to that applied stress level, where the test specimen experiences
a temperature increase due to internal dislocations.

. . . . t
Regarding not only metals - for a conflict-free understanding — it will be denoted Rp0.2 (= Ry, )

andR_ , (— R02c ) in the body text from now on. At the maximum of the curve, characterized by the
so-called ‘End—of—uniform elongation’ = ‘Onset-of-(ductile) necking’ in the ductile material case, the

t c t
tensile strength Ry, (— R ) is given. For very ductile materials is valid R, , = R, -

t
Beyond the tensile strength R a multiaxial state of stress follows in the tensioned ductile behaving
test specimen. Therefore, the index ax holds up to the ‘End—of—uniform elongation’ (GleichmaBdehnung)

t
at R (index pl for plastic strain, oon for Onset-of-(ductile) necking, and odc for Onset-of-ductile
cracking located before rupture = plastic collapse). In this respect, any
formulations in this domain afford equivalent quantities in order to perform an accurate non-linear

analysis with a correct o(¢)-input.

14.2 Engineering and True Stress and Strain Quantities

The larger the strains the more the engineering quantities lose their applicability in structural

dimensioning. Therefore, logarithmic (usually termed true) strains have to be used in an accurate
dimensioning process. The derivation of these quantities is collected in Table 14-1.
Fig.14-2 contains a true and an engineering stress-strain curve. The figure presents a general view
and uses classical Ramberg-Osgood mapping. Mapping of the course of stress-strain data in the non-
linear domain is well performed by taking the usually applied Ramberg-Osgood equation for the true
stress-true strain curve (maps the true curve better than the engineering curve)
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Fig.14-2: R-O mapping of a single engineering measurement test results, Ag, =min gopon .

Typical (mean) engineering stress-strain curve of a distinct ductile metal material. End of uniform elongation
(Gleichmassdehnung &g1)

Table 14-1 presents the derivation of true stresses and true strains in the ‘Mises’-validity domain.
In Fig.13-4 the difference between the mean strength values engR' — trueR' was shown to be 8%
for AA2219! Fig.14-3(left) depicts the linear elastic proportional domain and the hardening domain.
Fig.14-3(right) presents stress-strain measurement with Ramberg-Osgood mapping. The course of

the area reduction would show a slight kink beginning at ‘Onset-of-ductile cracking o4c’ (= onset-of-
localized necking) according to the deteriorating effect of the void coalescence.

Hardening

F maximum F and ultimate strength G  §ltrue,eng
p at 'Onset-of-Necking' Otrge = T
g
O:(1+84) N Rode| onsetor
’ . = B .+..¢ ductile
proportional loading trueRm raean true LT cracking
(stressing) """ R Wbl o - (3:::‘:
= elastic mit at /] = M |
'Onset-of- Yielding' §°Q o':;ﬁ R m /_4,..-—- [— W |
~ .
| min eng
‘.‘ . m.
/ displacement I
/ > MPa € >
0 g i % load-controlled | | str?mI-I 4
(plastic) onmore
Ag
e et 100
F _ s s E
r b % | €
7 \\ % X @ 3 & %W -

deformed Siree = In(1+54,)

Fig. 14-3, modelling: (left) Display of proportional domain and hardening domain with the tensile rid test
specimen. (right) Ramberg-Osgood-mapped true and engineering stress-strain curves of AA2219. F:= Force
Fa A, := original cross-section, A:= actual cross section of the necked rod. R' = maxF / A, e< Agl

(permanent strain linked to load-controlled fracture at R ). Necking radius is p. A bar over R indicates a

mean (average) value of a sufficiently large test data set, and no bar over R will generally mean strength and
later indicate a ‘strength design allowable’.
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Table 14-1: Derivation of true stresses and true strains in the ‘Mises ’-validity domain

True Strains (logarithmic strains):

The application of engineering strain cannot be correct for larger strains, since it is based on the
original gage length ¢, whereas the length is continuously growing. Ludwik [Lud 09] therefore
introduced the true strain (Iogarithmic strain), the increment of which for a given length is defin-
edas d(trues)=d(/ ( and the total true strain, integrated from ¢, to current length ¢, is

,
trues,, = [/ (=In(¢/ ;) =In(1+enge, ).
ly
Above equation delivers an accurate value up to ‘onset-of-necking’ or R'.
The replacement of the logarithmic function by a Taylor series
truee, =enge, —enge, >/ 2+enge,’ /3 —..+
clearly shows that identity is given for small strains, only. Applying the true strain has a physical
and a numerical advantage: The incompressibility equation really becomes zero
D trues; =trues, +trues, +trueg, =0,
whereas in terms of engineering strains the correct equation from solid geometry reads
(1+enge, )-(1+enge, )-(1+enge, ) — 1 =0,
which reduces to 0 for negligible strains, only.
Once necking starts most of the deformation occurs in the smallest cross section. The longer
the gage length used the smaller the percent elongation will be. Therefore, a better procedure
is the measurement of the reduction of the cross-section. — Beyond R', the true o-¢ curve
can be more accurately obtained by measuring the radial strain
enge,ym =(r—r,)/ r,=r/ry-1 and truee ,, =—-In(1+enge, 4., ) =—In(r/r,),
provided, the tensile test specimen has a circular cross-section, a rod. In this case &

radial radial

radial — ghoop
=2In(r /1),

which delivers an accurate value above ‘onset-of-necking’. The equivalent strain in the center reads

truee,, +truee,q, +trueg,,,, =0 anditholds trues, =-2trues

radial

2
trues,, = % : \/(true £ —true &, )° +0+(true g, —true ¢, )’

= g 2(2—( —1))2 truee 4 = % ¥ rues 4o = 2In(r/ fo )

= Transferring strain data: trues =In(1+enge), enge =" ¢ - 1.

True Stresses

Truec can be obtained from engo, if the small changes in volume at the end of the transition

domain are neglected. Then, incompressibility > &” =0 can be assumed and it follows :

engo =F/ A,, trues =F/A with A-(=A-(,,F:=load F,,
wherein ¢, : = original gage length, and A, ¢ current values of the necking cross-section.
Introducing the equation ¢, =((—-/(,)/ (, derived above, the true stress is linked by
truec, =F/ A=(F/A)-((/(,)=engo-(L+enge,) =0, -(1+¢&,) usually written

= Transferring stress data: truec =engo -(1+enge) and engo =trueo / exp (trueg) .
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Fig.14-4 (left) shows an experiment in the elastic-plastic transition region, carried out by O.
Mahrenholtz /H. Ismar. The test was a flat compression test of a cube: One side constrained, one
free, one compressed — Principal stress state (1= Gaction, O11 = OT (re-action), 011 = 0) — principal strain —
v . It turns out that Rpo1 is approximately v = 0.4. The value at Rpo2 in Lode coordinates is 0.82 =

N213=23, | R, with J, =2R, / 6 (left, down). Poisson’s ratio, determined by a coupon

measurement, reads V=-¢p/e,x or v=-(Ad/d)/(AL/C.
Concerning sheet test specimens the measurement problem increases because localized necking will
occur at ‘onset-of-ductile cracking and this depends on the thickness of the test specimen.

4°
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Fig. 14-4: (left) St37 Development of v in Beltrami’s elastic-plastic transition regime, a cube plane
compression test. (right) D6AC, Ariane 5 Booster) Stress-strain measurement points with a Ramberg-Osgood
engineering stress-strain data mapping curve under axial tension

14.4 Mapping of the measured stress-strain curve by the Ramberg-Osgood Model

In a contract of MAN-NT with the institute IWF at Freiburg all standard model-required properties
have been determined. For completion, hopefully in a material-handbook given will be in addition the
plastic strain A5 and also the final necking value Z, being usually minimum and not average values.

Ay = Aypure comes from measurement of A5 (fype: Lo =5 * dy, original length Ly and initial diameter
dy ) as plastic or permanent change in length, measured on the load-controlled broken test specimen

and Z the radial plastic necking A-reduction ratio value, in % (Unfortunately, material mechanics also
uses the letter A for this strain property).
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Table 14-2 lists analysis-relevant quantities (in MPa and %) to be applied in a Ramberg-Osgood curve

modelling.

Table 14-2: AA2219 material properties and Ramberg-Osgood parameters. Isotropic materials, in MPa
and %), d=4.0 mm . Regarding R,

see the following Sub-chapter 14-6.

_ — trueR_ | true 5 - n N
RpO_Z Rm Ag| Rm Ab' ROdC jﬁ« = trueAfr Z truen R p0.2 Rm ROdC
rupt
352 453 | 49 | 478 4.8 535 7.7 7.5 20 | 12.7 | 106 | 297 | 417 | 492
MPa MPa % MPa % MPa % % % - - MPa | MPa | MPa
average (mean, typical, characteristic) values for best mapping Design Allowables
¢ i truen
truee = 7 4 0,002 — o0 = truegd, +trues?
E, trueR,,

Ehard _ O — o _ Eo Ehard _ do — EO
sec e o o E P ﬁ—l tan dé‘ E o i '

—+0.002-(=)" 1+0.002- =2 .(=—) 1+0.002-7- =% (=)

EO RO,Z RO.Z RO.Z R RO.Z

14.5 Poisson’s ratio

If analytically necessary the value of Poisson’s ratio v, which increases when stresses narrow the
plastic regime, can be determined for stability analyses as a function of the stress. The formula,
which uses quantities of the R-O-mapped true stress-true strain curve, is derived in Table 14-3.

Table 14-3: Derivation of a formula for Poisson’s ratio

ol —trueg,‘;'t
trueg = truee® +truee” with trueg,, = trueg +trueg,, , trueg, = truegIat +true€,at, Vo ="
trueg,,
: I , : r A
from incompressibilityin the plastic range ( = volume conservation law) — =—-—=1
0 0 A)
follows trueg! +2- trueg& =0 and truee;, = —v, -truees, , which gives after insertion of above relations
| pl el pl
trueg, truest + trues,” trueg;, —0.5-trueg trueg trueg
truey = — lat _ _ lat Iat - _ lat ax o _ ax . —Vy — 05- e:;
trueg,, trueg,, trueg,, trueg,, trueg,,
trueg’, —0.5-trueg”! —v, -trueg? —0.5-trueg,! —v, -trueg’ —05- (—trues’ +truee,,)
trueg,, trueg,, trueg,,
el el el el
_ Vo -trueg, —05-(—trueg, +trueg,,) _054 Y0 -trues,, —0.5- (—trues,,)
trueg,, —trueg,,
trues’,
=05— % .(05-v,), see. 145,
trues,,

However, this formula does not fully lead to v = 0.5 at Ry, as can be seen in Fig.14-5. A better
approximation v=0.5— €%/ E,)- (05, )= trues is usually applied in the elastic-plastic
domain in stability analysis employing the tangent modulus function above in order to approximately
consider the changing v in analysis.

* carbon-connected.de/Group/Prof.Ralf.Cuntze 135

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25


http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

truel &

y true o
” MPa

0 100

200

= >
300 400 500 600
trueR,, trueR'

Fig.14-5: Course of Poisson’s ratio in the elastic-plastic domain, determined with several formulas

LL:

* The determination of the properties of a solid material requires a force-elongation curve which
is then accurately to transfer into a stress-strain curve that is independent from the tested
specimen type rod, sheet, coupon, cube.

* Before any performance of a non-linear analysis is executed it is to check whether true or
engineering curve quantities are to provide for numerical input. This then fixes the output

* Beyond R’ necking occurs generating a hydrostatic stress onya In the tensile rod, which lowers
the stress-strain curve (see Chapter 15) in the high plastic regime

* Poisson’s ratio can only approach the limiting points 0.5 > v > (-1, principally.) So-called
auxetic materials possess a negative v. Being strained, the transverse strain in the material
will also be positive

* UD-materials have different v-values in the directions of anisotropy

* True strains can be added while engineering strains can not!

In Fig.14-6 the different growth of the engineering and the true stress-strain curve is displayed up
to the tensile strength point at the ‘End—of-uniform elongation’. Beyond R', in test data evaluation
the axial stress has to be replaced by the equivalent stress because necking in the test specimen
activates a hydrostatic residual stress state, dependent on the test specimen used.
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Fig.14-6, AA 2219:

Differences in R-O-mapping of engineering and
true stress-strain curve, single measurement.. Bar
over R indicates a mean value. F/Aq

at ‘End of uniform elongation’ = ‘Onset-of-
(diffuse) Necking’
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In Fig.14-7 the full stress-strain curve is presented and associated significant points including
strength design allowables points are depicted. Additionally for ‘Onset-0f-yielding’ the Margin of
Safety is rendered in order to visualize the size of the fulfillment of the ‘Design Yield* Limit State.

O % Mises ExtMises
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Fig. 14-7: Equivalent true stress-equivalent true strain curve. Proposed local strain-controlled extended
stress-strain curve incl. mean fracture points and strength design allowables (no bar over)

The full curve ends with reaching the ‘onset-of-ductile cracking’ point at the associated strength Roqc.

LL:

* Opposite to some regulations it is to note “In general, it can be not correct to use a minimum
engineering curve in order to obtain the desired realistic structural behavior because structures
are usually statically indeterminate .

* The elliptical shape of the ‘Beltrami egg’ and its surface potential description will be used in the
‘Gurson domain’ too, next chapter.

14.6 Estimation of the Strength R ;.

Beyond ‘Onset-of-diffuse necking’ the axial strain measurement becomes senseless, only
representative is the rod radius-decrease measurement to investigate in this full plastic domain the
influence of the hydrostatic stress. From the measured plastic cross-section reduction the plastic
portion sodc”' can be estimated and the ‘plastic’ curve point R, computed if the only counting
associated plastic strain is known, fixed by the diameter reduction. Because the R/O-model excel-
lently maps the true strength course of test data, its plastic part is employed to estimate a value for the
plastic point R, = ‘Onset-of-ductile-cracking’, which is of interest for plastic structural design.

This can be executed by using volume constancy applying the measured reduction of the initial radius
a = d/2 of the tensile rod. With Z (ﬁrup) taken as Z (R . ) the estimation of Ry, at trues,, from the

Ramberg-Osgood curve is performed as shown in Table 14-4.

Ductile collapse or rupture R, ., respectively, is just of theoretical interest.

rupt >
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Table 14-4: Derivation of an estimate value for the Strength R .

At R' 'Onset-of- (diffuse) necking' dyo, =3.89 mm, at ‘Onset-of-ductile cracking' d ;. = 3.78 mm.

n
—A 9
gpl = 0'002 [_Lj [l 8radpl :In(z)’ &:—'Ab = -i — A’Upt :1—Z :r_z
0.2 a ,’-\0 /_\0 Ao a
n
5 In( &, oo / 0,2%
Cax, o’ =-2-8," at R'  and delivers truen = ( 00 )

In(R'/R,,)

With known ;" =In(£)=|n(\/l—2):In(\/l—O.ZO):-11.2% and g,” =-2-¢,,"

truen
odc
0.2

A

pu)

follow for the non-corrected odc-point —> trues) = 0.002 [

= Rodc

ni

ﬁO.z . truen saxpl /0.002 =542 MPa_ and

_ — truen
R
truesodc = trueed, + trues)) = "?"C +0.002 [_"—dcj :
0.2

14.7 Beltrami’s Potential Surfaces in the Elastic-plastic and as Idea for the Porous Regime

From previous investigations the author knows, that any volume change, due to the FMC ‘rules’, is
to describe by the term 7,°. If a shape change occurs then the invariant J, is required.

Elastic-plastic transition regime:

Beltrami cites: “The deformation of a material consists of two parts, a shape and a volume change”.
Based on this, one can formulate for the elastic-plastic transition regime

2+2v)-3J 1-2v)-1.2 3J l,? . -
R R R R 2+2v
Into this formulation a normalizing strength is inserted: 1,=R, J, =2R /6 — c® =1+x and
3J l,2
for the special yield potential surface (v=0.5) yields = 22 +0- ﬁl > =1+0 (Mises' cylinder).

02

o

2

Beltrami bridges the elastic domain with the plastic domain (3-J; is Mises part). His formulation is
not a failure function but a descriptive function to predict subsequent Beltrami surfaces v(R), which

are surfaces of equal potential. This means: A pair (v,R) must be given for each desired v-curve of
the subsequent potential surfaces are obtained, see Fig.14-8 left. This part figure shows the change of
the potential surface of the growing ‘Yield” body with increasing v in the elastic-plastic transition
domain. The two center figures show the cross-section using the principal stresses and below the
development of the yield body from the yellow egg (v = vo) up to full yielding (v = 0.5) rendered by
the ‘Mises cylinder” — Poisson’s ratio v drives the elliptic shaping!

Plastic porosity affected regime: an anticipation, considering Chapter 15

Porosity causes a volume increase. This works oppositely as in the elastic-plastic transition regime,
which can be described by Beltrami, too. Increasing porosity f means a decreasing Poisson’s ratio v
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and a more elliptic shape. In the outer figures of Fig.14-7 both the regimes of the changing Poisson’s
ratio are displayed. The right part figure, modelled by Beltrami, pre-informs (see 815) how the
surface of the yield body changes its shape with decreasing v according to the increasing porosity f.

Fig.14-7(right) displays the development of the subsequent failure surfaces whereby an increasing
true stress is considered. This is relevant for the critical material location. After achieving the tensile
strength a small further radial increase of the surface is obvious together with the initiation of an
increasing elliptic failure surface. With increasing degradation the subsequent surfaces become more
and more elliptical. This is the opposite process regarding Beltrami in the elastic-plastic transition
regime. A growing f means higher true stress but less cross-section or load-carrying material in the
strain-controlled ‘hot spot’.

The Beltrami formulation delivers an Idea for the ductile porous regime and is intended to replace
the ‘Gurson’ formulation by Cuntze’s so-called ‘Extended Mises’ one, reading

2 2
3J, 1-2v | 3J I i
2 1 Bel 2 1 ExtMises
=t + ' =t - C :> =t + Clz ' =t - C .
Rio 2+2v Ry, Ro2 Roz
4
true I
BRlg,
I 4 secionA-A 4 R
- = T I 36 \\
SRy, S | os 34
3 . - T
175 - 943 R, b= 32—
V= 04N V5 W DY 3
transition | | onsftof Rel 26
domain 3| | fulljyielding ( 9 A ES 24 \‘
125 o f % 11> 22 \\
Vi K Mises by == N
\ Vi | eylinder 20 o e 2
1 \ 5 ~ 18 \
VT =03 \ -“ 4,\(5 16
075 i - <& 14
fullela'sﬁc 'k 'A .
domain 1 / RO.Z 4 '3
0.5 Ry(:-,: 01 trueR 3
i 3
H o 0.6
e proportional _fﬁ 0 : =
Dot R(] 2 «JZJ.?
4 . H 2, 02 = true
w. 0.25 05 075 1 0 > Rt
] =082 0 02 04 06 08 1 p02

Fig.14-8: (left) Elastic-plastic transition domain, development of the Beltrami surfaces from egg shape
(growing yield potential surface with vy = 0.3 for metals (0 for foam = sphere) < v < 0.5 (‘Mises cylinder — J,
= constant = incompressibility) depicted in Lode-Westergaard coordinates. (center) visualization of the
Beltrami potential surfaces. (right) Change of potential surfaces in the porous domain computed with the
Extended Mises formulation (see [CUN22, 817]), f =0, 0.1, 0.2, 0.3

ExtMises

Also here, the yield strength can be used for normalization. The parameters c® ¢ mark the

size parameter of the changing potential surface (see survey in Table 15-4).

In order to understand the chosen Haigh-Lode-Westergaard coordinates Fig./4-9 is provided below.
The vector {o—p,m} =(o,,0,,0,)" is a vector-addition of the principal stresses. The cone angle

between all principal axes and |, is 54.75°.
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Fig.14-9:

Visualization of the used
Lode-Westergaard coordinates
by the principal stresses acting
at a material cube.

Octahedral stresses:

o,=1/13 with |, =0, +0, +0,

ol = [3-3, = f(T), with

eq 2

6"]2 = (O-I — 0y )2 + (O-n ~Oun )2 + (O-m — 0, )2

- 2'.]2 =]
ngrmH 3 - Lot Tt =469, 13 -

To make more familiar with potential surfaces Fig.14-10 presents two potential surfaces dedicated to
different Effs, for fracture Eff = 100% and for a loading that generates Eff = 50 %.

Fig.14-10: Two potential surfaces. Eff is the measure for
he distinct potential surface with Eff=1=100% the fracture
surface. The potential surfaces are Eff ""=50% and Eff*"
=100%, fracture.

Indicated are the failure stress points
-6 R' =4 MPa, R" =3 MPa, R® =40 MPa, R® =49 MPa

R and the principle stress axes.
-12
‘Normal Concrete’, 3D test data available

_____ S . Eff F =CSF.\/4‘]2'®SZF %:12/3+|1

LL:

* The shape of the potential surfaces in the plastic porosity regime changes oppositely to the shape
in the elastic-plastic regime. Both the surface shapes one can dedicate to the change of the
Poisson ratio v

* In structural analysis the stresses are most-often .determined in the elastic-plastic regime. This is
performed very accurately, sometimes over-precise. However in this domain the Poisson’s ratio
changes significantly, which should be considered.
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15 A measurable parameters’-based ‘Extended-Mises’ Model instead of a ‘Gurson’ Model?

Aim: De-complication of highly non-linear plastic analyses by generation of a simplified model to perform
Design Verification in a Ductile Metal’s high Porous Regime

15.1 Introduction

There is stress- and strain-controlled behavior. Strain-controlled locations in a structure will not
break, when the stress level reaches tensile strength R'. A fuel-outlet hole in the upper tank of the
Ariane 5 central stage was such a strain-controlled case at MAN, where the vicinity of the
‘overstrained’ critical material location takes over the reduced loading capability, no direct fracture is
to face.

Such a (seldom) task caused MAN-Technologie to let perform an analysis together with IWM
Freiburg applying a multi-parameter ‘Gurson’ yield model. Its model parameters cannot be measured
directly, but are usually determined by a FE analysis which best models the deformation of the test
specimen, a classical simulation process. An example for such a multi-parameter set, determined for
the aluminum alloy AA2219 and by using the tensile rod test specimen, is given in the table below
[/WM Freiburg]:

f.’ll f:". f-|: 1?F I:11 q-] Er_ Er_

000 005 004 015 15 10 020 001

The applied ‘Gurson’-model (such a model is a model of the Continuum (micro-)Damage
Mechanics theory in the ductile materials regime) of the IWM was a refined one. Refinement means
that more parameters are to determine than for a simpler ‘Gurson’ model. Therefore, the optimal
model parameter set of a ‘Gurson’ model depends on the mesh fineness and has to be inversely
determined by an excellent simulation of the test specimen’s behavior, see Fig./15-1 left for the
tensioned rod
(Gurson A L: Continuum Theory of Ductile Rupture by Void Nucleation and Growth. Part 1:Yield criteria and flow rules
for porous ductile media. J. Eng. Mater. Techn.99 (1977), 2-15)

Using ‘Gurson’ model results, the responsible design engineer must ask:
What about the scatter of the simulation-won parameters which are to insert in the analysis?

Without knowledge of the scatter there is not a generally accepted design verification possible. Might
it be not better to apply a simpler model with 2 or 3 parameters at dispense of the little gain of the last
load carrying portion after coalescence at ‘onset-of-ductile cracking’ marked by the corresponding
strength value Roq.? This is the ‘technically relevant point’, where the coalescence of voids begins.
Only a reduced procedure with directly measurable model parameters has the chance to capture the
statistical Design Verification requirements.

In the context above the question comes up:

“How much Gurson material modelling is necessary to achieve a reliable prediction of the local
design-deciding ductile fracture level of the structure?”

This failure mode ‘ductile fracture’ is defined here to be met at ‘onset-of-ductile cracking’ and it
shall correspond to Design Ultimate Load. Such an application is a seldom case, where the

t
deformation-controlled strength value R ; > R is used to save the final design not anymore possible

via the load-controlled strength value Rt. A simpler model is required. Two challenging parts tasks
are thereby faced:
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(1) Creation of a model simpler than a multiple-parameter ‘Gurson’ model, and

(2) to capture the porosity f in the equivalent c-e-curve, to be provided, whereby f is an additional
but measurable model parameter transferring the ‘Mises’ model to the ‘Extended Mises’ model. For
its derivation, the various micromechanical mechanisms during ductile fracture are of basic interest:
*Void nucleation in the test rod at so-called second phase particles by debonding
*Void growth, controlled by stress Triaxiality Factor TrF and growing plastic strain gef;

* Coalescence of voids by internal shear stress-driven rod necking with final ductile rupture.

, and

For the evaluation of the usual rod test results, the widely used correction formula of P.W. Bridgman
is employed. Fig.15-1(left) presents the dependency of the rod’s diameter reduction on the load F and
further shows simulation curve and test curve. The measurement of the diameter reduction is

mandatory beyond the ‘end of uniform elongation’ at the tensile strength pointR' =maxF / A,

depicting the ‘onset-of-diffuse necking . point and experiencing full plasticity. Beyond R'only true
values represent the reality. Mind: F(Ad )is not

completely of the same shape like truec (trueg) .

In the load-controlled regime axial strain measurements are performed whereas in the transversal,
plastic strain-controlled necking regime diameter reduction measuremens are to execute. In the
Fig.15-1(right) attention is drawn to the various stress-strain curves used and to the associated
strengths. Displayed are the mean technical and mean true strengths together with the associated
Design Allowables.

If materials do not fail when the tensile strength is reached, then this is accompanied by the fact
(Fig.15-1, left) that maxF does not essentially change over a certain range of the strain because
hardening still occur due to void coalescence and destruction of piled—
up dislocations. Degradation wins over hardening at the ‘onset of ductile cracking’ strength point
Rode- Rode and marks the coalescence-linked kink and is defined here as the critical strength.

) S lrueGeq
Loadl . n | Rodc
n - | ol
MPa trueR!
F I ew 500 | i
.0 il RE_SSSE==D ﬁaz B! \ F"-:llii'?
= — - o s \
/\ R' « true curve
4.0 300 He— ‘\\
) ) 02 engineering ’
- Hnd'man&qmild’zm.s - {
2.0 o Smulation I —— hardening &— softening —%
1 = Bperiment (B T2 100
00 | in mm = in%
' 0 >
oo 0.1 n.z 0.3 Ad 0.5 0 5 10 15 g total 20

eq
Fig.15-1: (left) Dependency of diameter reduction Ad on the applied load F. Comparison of global
simulation and test results (IWM Freiburg, Dr. Sun). (right) Ramberg-Osgood-mapped true and engineering
stress-strain curves of AA22194 bar over R indicates a mean value, no bar over R indicates a ‘design
allowable’

15.2 Bridgman-3D Correction of the true o-¢-Curve, employing ‘Mises’
Equivalent stress: trueGax — trueGeq
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The validity of the uniaxial stress-strain curve measured in the smooth tensile rod test is terminated
at the load-controlled strength point maxGuwe =R' =max F / A, which corresponds to the maximum
load F and to the actual minimum cross section of the neck. However, beyond R' (‘end-of-uniform-
elongation’) at the ‘onset-of-diffuse necking ;" point the 1D-stress situation in the tensile rod

becomes a 3D one and an equivalent stress oV

eq  has to be considered in order to capture spatial

stress tasks.
Under tensioning, in the plastic regime the lateral contraction of the material at the center of the
neck is impeded by neighboring material leading to a 3D-stress state. Hence, a simple extrapolation of

the F/A (o-g)-curve beyond R' cannot provide a physically accurate curve, because the necking-
generated 3D-residual stress state Ohyd is to consider in the evaluation of the tensile rod test results in

order to obtain a real geq. The three stresses within oeq reach their maximum values at the center of the
rod’s cross-section with approximately equal values O\, = Opygq,» €XCept close to the surface, as

depicted in Fig.15-2(left) below. The values of 0,45, Opgop and of the created necking radius p raise

with o,, . The former F/A-quantified capacity becomes continuously reduced with increasing necking.

Hence, the true stress-strain F/A curve is to correct to obtain a realistic equivalent stress. In the center
of the rod an increasing stress Triaxiality Factor 7rF is faced. Assuming a constant ¢ over

o0

- T T
O ot {o}=¢,1,) 9(1,1,0)
B Ry <2 35 |3
{fully plastic domain) £ L 3 3 3 ; (21,07
o LV v
F ?ﬁza st} F ! i 7
S I 1,007
necking \ | all=h | 43
rodus 0 dejormed 658 o 4/‘
; Rig2
transversal strain measurement / g
L b (11,07
o Epp— é T -
# REYE 275
E -0s16| 2 TP
-8 i 2
= .3
3 B
!
RS \
p0.2 \\

Fig.15-2: (left) Stresses and transversal (radial) strain measurement of the necked round tensile rod.
F:=force, A:= minimum actual cross section of the neck. F:=Force F, A, := original cross-section.

R' = maxF / A, €< Agl (' permanent strain linked to load-controlled fracture at R! ). Necking radius is p.
(right) Schematic visualization of the Triaxiality Factor TrF, responsible for failure in the rod center
T T
{O‘} = {O‘I ol ,O'm} , TrF{O'I ,0, =0, ,0} = 2/3.
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the rod’s cross-section, Fig.15-2(right) illustrates by a variety of 7rF-beams that values higher than
2/3 (bi-axial stressing) are practically not possible. Assuming constancy is not anymore the case for a
plastic rod neck, where the failure decisive location is the center of the cross-section with also there
facing max7rF. Notched test specimens are applied to capture higher multi-axial stress states, TrF =
1, values > 1/3.

Fig. 15-3 shows the void volume fraction in the necking region at failure. The highest values are
reached in the center of the specimen (Element 20) as expected, TrF highest. From the central region
micro-damage spreads out over the whole cross section.

Basic task now will be the necessary transfer from the uniaxial truec.(trueeay) — tri-axial trueceq
(truee.q) in the diffuse necking regime.
Bridgman provided a correction means how to adjust truec,,, but had to make some essential

assumptions:
(1) The cross section of the necked region remains angular (like the ‘Mises’ cylinder, assuming a
rotationally symmetric yield body).
(2) The inner axial contour of the neck can be approximated by the arc of a circle with the radius p.
(3) ‘Mises’ can be applied (effect of growing voids is therefore not considered).

Fig.15.3: Tensile rod with
\ porosity distribution in the
: ‘Hot spot’ center of the rod.).

finite element ”’_"Sl’f"" Finite element mesh of the

the smooth tension rod rod. Void volume fraction f in

sovi the necking region at failure
[Sun97, IWM 7] stresses in
+1 ¥ MPa, strains in %. Material
source, AA2219 variant, T2:
Piitig = <> 2 @ = 4mm,
- - Elasticity properties are E

e veckmeregionai | =70000MPa, v =03, 1= 6
Jailure mm plate. Sample size n =

179, A5=74%,Z=20%

distribution of porosity in necking cross-section

Due to the diffuse necking, an axial load increase-caused internal hydrostatic tensile stress state
Oy 1S generated, representing a deformation-dependent residual stress state. Its radial distribution

can be Mises-based estimated - under the axial loading {&}= (5,, o/, 5,,)' = (F/A, 0,0)" -

fter Brid b o)~ o - Inll+ & -r with o, < F
after Bridgman ~ O - —=
g Yy hyd I 2.a I ! a2

with F:= load, a:= radius of actual cross section of neck, p := radius of neck curvature and F/A an

, Fig.15-2

integral quantity capturing the external loading F . The full set of relevant relations then reads:
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Oa(r) =0y + 04yg(r) and o4y (1) = G (F) = 14 (1) and as equivalent stress follows

- ises 1
for a single stress —>on®™ =33, :\/;~\/|:((5| )2+(0)2+('0|)2J:0| and also
. i 1 2
for a superimposed oy, 4 — o™ =[3-J, = \/;\/[(G. -Ghyd) +(Opyg ~Opyg )’ + (T 'G|)2:| =0
|, = MaxX oy +MaX G gy + MAX Ty =[3 3, +3: 0,4, 4[3:J, =0, (<0 0, effect).

) 1 o
TIF(r) = Ve ey, / truecay™ =(1,13)/ \f33, =2 13]-(1, 1 3) 1 {[23, :;ﬂ.
0|

Decisive for failure in the rod is the still mentioned Triaxiality Factor 7rF, which increases with the
true axial loading. Its maximum is in the center, the ‘hot spot’ at » = 0. In this micro-damage critical
cup-cone center the 3D-state of stresses reads

maxo,,, (r=0)= o, -In (1+Zi), maxo, (r=0)= o, +maxo,,,
p

with the stress state in the rod‘s center {o}= (o, + maxo,,, maxo, ,, maxo, )"

hyd ? hyd !

In the necessary adjusting process of the F/A-curve in the diffuse necking regime (Phase 3) the first
step is to integrate the axial stress, which varies over the radius. From load balance the following
relations are yielded in Table 15-1.

The last unknown is the neck radius p. It could be computed during testing by measuring the shape
change of the neck via a real-time Digital Image Correlation (DIC) 3D full-field measurement optical
technique of the surface strains and an associated surface geometry model.

Table 15-1: Bridgman-Derivation of the cross-section guantities of the tensioned rod

E: 2.

A o cmer-dr/ (z-a?)

ot—

=2~T(a,+ o, () -z-r-dr/(z-a%
0

e a’-r%. z-r-dr
:2-j(o,+ o, -In(L+ ) - -
3 2-a-p

-a

integrated follows F- o, -1+ 2—p)-ln(1+i) with ae“;ises =,3-J, =0,
A a 2p

0,=43-J, = o= %/(1+2-p/a)-ln(1+a/2-p), valid > R" or A< Aoon,

eq

an equation, in which the ratio a/p is not known.

If no test result is available, then Lorrek-Hill's approach for rupture is applied at R

rodc *

maximumi=\/ln( A )—In( A ) Prup =1-Z witha
P Arupt Aoon A\J

given cross section reduction Z in % at maximum necking at R,

and A, thecrosssectionat R' =R , being 'Onset-of-(diffuse) necking'

a 2 3
; = Cl + C2 + trueeax Rodc + C3 . truegax Rodc .
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Equivalent strain: truecax — trueceq

For the Mises equivalent strain is valid in the plastic domain (elastic part is negligible):

eq

= g'\/(gl'Su)z"'(gu'8|||)2+(8|||"c;|)2 :g'\/(glpl T I CHE L S L

considers plastic volume constancy (incompressibility) Zeip' = 0 during plastic deformation it becomes

ef2=-¢ P =—¢, " and e " =In(r/a)=¢,” = ¢" =-2-In(r/a)and it reads

i 2 2 2 2
trueg:glses = \/_T’\/((g|pl+ ‘gradpl) 'gradpl)z—"_O'i_(gradpl'('g\pI + Sradpl))z :g' Zglplzzg' Slpl'

LL: * Bridgman correction = approach, which considers the varying stress over the rod’s cross-
section regarding that the center is the critical line

* Lorrek-Hill = approach, which formulates a final value for the change of the curvature radius under
loading. The increasing curvature triggers the increasing hydrostatic stress and this is to map

* Measured ratio F/A = stress capacity smeared over the cross-section = load ability-quantity, which
represents an effective (smeared) value, which decays with increasing axial strain

* o = J3J2 = constant basic stress quantity of the Bridgman approach, see Table 15-1

* The applicability of axial measurement ends with ‘End-of-uniform elongation’ at R

* Bridgman model application is limited to about 30% cross-section reduction, due to not considering the
coalescence of the voids

* The Bridgman-correction is applied by using the ‘Mises’ yield function and not a ‘Gurson’-type void
growth-capturing (porosity f) yield function. This led the author 20 years ago to propose his so-
called ‘Extended Mises’ yield condition at the end of a joint Research program MAN with IWF-
Freiburg.

Idea:

The replacement of a ‘Mises’-based Bridgman correction by a porosity-considering one should lead
to a more realistic stress-strain curve and should offer the advantage to escape in the analysis from
the high number of non-measurable ‘Gurson’ model parameters except from f. In order to consider
the void growth, the author proposes to replace the Bridgman-corrected Mises-model by the

mentioned ‘Gurson’ model-linked Extended Mises-model’.

15.3 Porosity-improved Bridgman 3D-Correction of true c-e-Curve employing ‘Extended Mises’

Porosity means volume change due to void coalescence. Such a volume change can be transferred to
a decaying Poisson’s ratio as it is known from Beltrami. The author experienced, that the usual
‘Gurson’-analyses base on a ‘Mises’-linked equivalent stress-equivalent strain curve. This should be

improved when considering the porosity f. The author’s hypothesis from 2002 reads:

* Formulation of an egg-shaped yield model, termed Extended Mises, with
* Simplification to 1 measurable ‘Gurson’ parameter f, only
* Improvement of this simpler model idea by applying a porosity-capturing equivalent o — & curve

* Taking a simple ‘Gurson’ yield model to obtain via a ‘comparison of coefficients’ a relation to the

porosity f in the simple ‘Gurson’ -model from Gurson-Tvergaard-Needleman, index ™

* Probable 120°-material symmetry in the high porosity regime is not documented and therefore not
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. . 3J 3J
considered. It can be captured by replacing _22 through |$22 - O (see Chapter 11).
LL:
* The ‘Mises’ cylinder is a simplification (remember: 811, 120°-symmetry, ® =1)
* Increasing porosity also means decreasing Poisson’s ratio v and an increasing elliptic shape.
From knowledge in Chapter 13 is known: Values for the increasing porosity f are strain-controlled
detectable. The effect of a probably initially not pore-free material is captured in the initial property
values.

14.1 Measurement of rod failure stresses and estimation of the vertex of the failure body

Even for a porous plastic failure body its vertex should be known from theoretical reasons. A
vertex represents the equi-triaxial tensile strength capacity of a load-controlled strength situation,
remind Fig.15-2. Because the vertex stress state {o}= (trueR™,trueR™, trueR™) with TrF =oo

practically cannot be measured as best substitute a 3D-stress state - closest possible to the vertex -

must be employed. Realistic is a stress state (truec,y, + Chyd - Oy 4) by investigating the center

Chyd
of an un-notched tension rod test specimen, being the ‘hot spot’ in this test specimen.

In such un-notched rods a neck radius builds up and increases with further increasing axial tensile
stress. Due to the diameter reduction a hydrostatic stress state is generated and can be determined
from the zero volume strain regime faced in the minimum neck cross-section. Hereby, difference due
to rolling of the sheet material and how the test specimen is cut out are neglected and full isotropy
assumed.

From the test rig loading comes the subsequently effective stress ‘true o,y ’, whereas the remaining

neck cross-section experiences in the center the multi-axial stress state (truec,, +Ohyd Ohyd ’Ghyd)’

estimated by the Bridgman model. In order to better understand the stress situation in the rod center
the effect of increasing Chyd is of interest, depicted below. It is to conclude from mechanics, that a

hydrostatic stress does not change Mises’s representative invariant J, for shape deformation of the
solid. However, Ohyd affects the tri-axiality value 7rF which might be interpreted to cause some

quasi-embrittlement of the material:

l,=(0, +o, +oy) = f(0), 6J,=(0,-0,) +(oy —0,))* +(oy —0,)* = f(7)
U;\élises _ \/?Ez \/§~\/(0'1M‘ ~o, _Uh,)z +O+(Uh_ _GlM. _Gh,)z N O_;\(;Iises _ O_1Mises
TOF = 0 100 = (1,19 133, =[213]-1,13) 1 J23,

I, = (trueo +30'hyd) = f(o), 6J,=(0,-0,) +(0) +(c, —0,)" = f(7)

uni-axial o, multi-axial (o, + Ohyd + Ohyd » Chyg ) IN the rod's minimum neck section = o-é\g'ses.

Again: The use of notched rods is principally also possible but considering that the original notch
radius p increases. Thereby the critical rod surface stress concentration reduces a little and the
originally surface-located critical material location moves to the center. Fig./5-9(left) shall display
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different stress states and the associated points on the respective 7rF-beams. In the subpicture down
left the indicated 2D stress-states and up left further the 3D stress states all collected in the table right
down.

Of interest for the designing engineer is that the spatially formulated SFC F"" = 1 dents the failure

body at the pressure vesessel situation {G} = (2,1,0) > TrF = \/5/ 3, Fig.15-2 and 15-9.

Remember: In the 2D principal stress plane F' is a straight line and in the 3D failure body a
hyperbolic curve!
Fig.15-9 (right) shall make the non-linear development of 77F more clear and further make familiar
with the design failure surfaces in the very ductile regime. The figure schematically shows that the
strain-controlled failure surface is outside and thereby larger than the load-controlled one.

Iy
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Fig. 15-9: Visualization of the effect of the TrF-beams and the related strengths, illustration of some stress
state points and failure zones. 2D-potential surfaces on the inclined cross-section of the rotationally-
symmetric failure body

15.4 Proposal of the Two Parameter ‘Extended Mises’ Yield function in the porosity domain
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Extended Mises vield potential function

Originally, Gurson proposed for a metal, containing well distributed voids, a yield condition-based
solution for a single spherical void. The model was modified later by Tvergaard and Needleman,
including the porosity f"and the increasing Flow stress o, of the ‘matrix” material: The porous body,

called bulk material (smeared material), consists of the matrix material and the voids or pores. The
voids are nucleated in tension, only. The dense matrix phase follows the HMH (‘Mises’) model, and f
represents the mean void volume fraction or porosity (average value of a porous matrix) as the so-
called internal damage variable. For /= 0, fully dense material, the model reduces to that of von
Mises, whereas a ultimate value f —implies that the material is ultimately voided that it has lost its

stress carrying capacity due to local ductile rupture. Here, f, shall be replaced by the smaller
f . .=f

ratio is fixed. Table 15-2 describes the procedure how a relationship

odc oit - Values for the increasing porosity f are strain-controlled detectable and therefore, the
Table 15-2: ‘Comparison of Coefficients’ of the models ‘Gurson’ <> ‘Extended Mises’ with o as

increasing true Flow stress as running stress variable

3J I, -
FO™N = —2+2.f.q,-cosh (1_CIZ) +(q, - f? =1 ductile micro-damage failure function
o 2-0¢

simplified to SL"; +2-f -cosh(ll'—qz) +f? =1 appropriate for idea demonstration, q,=q, =1
o 2-0;
If the cosh-function is replaced by the first two terms of the associated Taylor row [Cun98,Cun01]
coshx=+ (1+x*/2 +.)— cosh(l,-q,/2-0. )=+ A+ (1°-0,°/8-0.2)+..).
The negative sign is to chose because porosity reduces strength capacity

3J, 12-q5 3J,
e B YL T B L R e B (1 qz) L2f —f2=1,
o’ “Of o’ 4.0,
With f? << f can be derived
3, .4 I’
—-f.— —2 —2f =1 with qg,=1.5 as guess for the plastic damage flow function
lo 8 4 o
31, ., I’ : L -
> — f*-———2f =1 with the elliptic shape parameter f
O O
2
k= 1T %o =4 £ (84 2%)
2+2v 4
= Failure state, normalized again with the shear strength, to insert is o = ﬁodc
3J, I 2
F= 22+ f,*=-+2f, =1 = Eff =100% material stressing effort,
0.2 02

F =100% = potential surface, which may be a fracture surface or a yield surface.
From 'Comparison of Coefficients' finally is obtained

2
|

. 3J i
ExtendedMises F =—=%+ c, = = c¢™™*, generally
0.2 R0.2
Analogous to 'Mises' Eff " = }*® | Ry, =[3J, | Ry, = Eff *™**=g2 ™M | R

ISes
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between the subsequent ‘Gurson’ type yield model and the ‘Extended Mises’ model was developed.
A further equation is needed to determine the size parameter, such as with c™** of the ‘Mises
cylinder’.

Void Porosity-linked reduction of Poisson’s ratio 0.5>v

Porosity means volume change due to void coalescence and volume change may be transferred to
a decaying Poisson’s ratio, remind Beltrami. From the ExtM-model can be geometrically deduced
f*=f.q> andv=(4-%)/(8+2-f).
Fig. 15-10 points out how the Poisson ratio is linked to the true strains (left), schematically to the true
equivalent stress (center), and to the porosity f*.

A true v
0.5 true v 0.5 =
ol A ( o/ (8 4 2-f% true v T
0.48 . v=E3-Y @ +2:17% 0.49 — ‘
0.46 ] \ 0.48 L1 oy
044 Vn ' 047
0.42 true O'eq 0.46 | J | !
o true — » P
70 001 0.02 003 0.04 0.05 -R50.2 R R Rt .
I AT A PR ) pu.at Rp RpgaRy 045 0002 0.0¢ 006 008 0.1

Fig. 15-10: Dependence of v on the different parameters, the various regimes

Here, f (F_Qodc) < frup is employed as that critical porosity which was dedicated by the author to

‘Onset of ductile cracking’, in order to ‘remain on the safe side’. The evolution function of f is
assumed to follow an exponential course with practically f = 0 at the tensile strength point up to the

defined ultimate value fy; located at R . .

15.3 Visualization of *Gurson’-model versus ‘Extended Mises’-model

Failure conditions enable the designer to assess multi-axial states of stress {c} by an equivalent
stress Gq and to map multi-axial stress-strain behavior Geq(€eq) Via a measured, smeared stress F7/A4.
For /= 0, fully dense material, the model reduces to that of HMH, whereas a maximum value f

implies that the material is ultimately voided that it loses its stress carrying capacity due to local
ductile rupture.

The conventional visualization — as a parameter investigation - of the Gurson model is presented in
Fig.15-11 (left) with f being the porosity parameter of the curves and q2 a Gurson parameter from the
comparison. A growing f means higher true stress but less cross-section or load-carrying material in the
strain-controlled ‘hot spot’. This is displayed in the figure by the change of the cylinder shape versus an
egg shape. Another visualization, usually
practiced in structural mechanics, is given by using the Lode-Haigh-Westergaard parameters. This leads
to a change in the shape, Fig.15-11 (center). For f = 0 the Mises cylinder is obtained.

Fig.15-11 (right) depicts the various strength values such as trueR", F_Qodc

as increasing true strength

points to be inserted into the Extended Mises function size parameter, finally visualized as flow
potential surfaces for four strength-linked porosity levels.
The parameter comparison with ‘Gurson’ let to take a reduced value q, = 1.13, however, due to

missing test data the author sticks to 1.5. In this context, the respective ExtendedMises parameter Cy,
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can be determined, decoupled from the ‘Gurson’ Comparison of Coefficients, if having a reliable test
data set available
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Fig. 15-11: Schematic comparison of the Gurson model (dots) and Extended Mises model Potential surfaces.
(left) Display of curve parameter porosity f influence, using the ‘Gurson’ coordinates x = (\/I log), Y=

(lL,/og), O = R;o.z; (center) Display of the Gurson yield model in Lode-Haigh-Westergaard parameters
Rioz = normalisation strength ); (right) Ppotential surfaces of the ExtMises-model with four increasing true
(graphs made about 2001) AA2219, (q2=1.5, 92e,m=1.13) trueR', R

odc

Table 15-3: Replacement of the Mises-based Bridgman curve o, (&,,) by an ExtMises one

] aZ 2
Table 25-1 o, (r) =0, + 0, (r) and from Bridgman o, , ~ o, -In[l+ ; ]

isBri — — F : D
o8 ={3-J, =0,= X/(1+2'p/a)-ln(1+0.5'a/p) , valid >R' < ?,

eq
l, =0, +30,,4 =0, -(1+3:In(1+05-a/ p)) for the critical central fiber at r = 0

considering Bridgman (above) and the notch-curvature change by Lorrek-Hill's approach,

giving a maximum value for the unknown — maxi = \/In (ﬁ) —In (i ,

p Aoon
N F .
inserting /3-J, =0, and o truec,, the equivalent stress reads:
2
O_ExtMises _ 3J2—f*'|12 . 1- f*-(1+3~ln(1+0.5-a/p))
B 1+2f ! 1+ 2f

valid R'<R

odc !

2
(shape parameter) f -qu f* , set q,=15 —>1.13.

Porosity parameter f and curvature parameter a/p increase from about 0 to the maximum at ﬁodc .

The author’s full idea consisted of the two parts: Above ExtMises model plus porosity-improved
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Bridgman evaluation, which was depicted in ZTable 15-3. The table displays all relations in order to

establish the ‘searched’ equivalent stress G;XtM'Ses

Reminder: to capture '120°-rotational symmetry' would require to replace J, by J,-© .

15.3 Visualization of the Bridgman—corrected true curve with consideration of porosity

In order to obtain a realistic equivalent stress curve it is physically mandatory to consider the
increase of porosity f and the increase of the notch curvature by applying a / p. The mapping of the

changing notch curvature and the changing porosity is shown below:

Mapping of the changing notch curvature: Data and determination procedure by Mathcad

a_ In (i) —In (i) =1.096 from M =1-7Z=1-0.20=0.80,
P upt on 'Ah
2
Aol i B (4—'()] =1.057 > max>=0.409 at R .
Ay 080 A, \3.89 p P
. . . . 2
Applying Lorrek-Hill's value Bridgman's approach delivers max (1 + —p) “In(1+ 21) = 1.096.
a p

Then, for the previously proposed formulation the curve parameters can be computed:

, a
stressing —=ap=C, +C,+trueg,, R+ C;-trueg,,R.,.°.
0

ax ' ‘odc ax " ‘odc
ap= 1096  truegaxR02 = 00071  truesaxFt = 0.033 trues axFlode = 0.231

v
orgabe el=1 c2 = 100 ci=1

T T
l=cl + c2 - truesaxR02" + 3 - ttueEaxRDli 100005 = ¢l + 2 - truesaxPt + c3 - ttueEa:;RtE1

3
ap=cl+ c? - ruecaxFodc” + 3 - UueEa:{Rudci

F1 Ap = Buchen{cl.c2 c3)

Ap=|-0348 | sl=Ap, . ST Ay Sa= Apy
10148 /

cl = -0.3476 c3 = 101478

S
Ap. =cl + c2 - [truesax | + 3 - |tﬂ.1s!£ax.':.1
] ] ]

Mapping of the changing porosity f: Data set used and determination by Mathcad

The set points of the curve are the porosity values at the tensile strength point R' and at Roge.

Vorzabe el =10 el =1
al
f (" trues xRt W
00002="{el -exp| —— —1}{ el
L p'x_ trues axFode Iy, fode = (el - exp(l - 1))
Af = Suchen{el, e2)
{06292 N
= | | el = Af el = Afy -
| 6.9469 0 el=04202 e) = 6.047
{ [ trues ax \'I\'In
fexp. = el -exp) ———— — 11|
HPJ \ -p'x_ trues axFode Ey,

Fig.15-12 displays the author’s design verification idea, about 2000. The influence of the
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practically starts at Roqc.

‘Onset-of-diffuse necking’ = ‘Onset-of ductile cracking’ =
F/A = 4 truec,, ‘End of uniform elongation’ ‘Onset —of-void ::oales:ence"
;

) / _;é—__ ) I){l_(_
P i “\J\ ]
i // /) // fnd;f% —

350)
technical yielding’ /\
AW
‘End of proportional / (
stressing’ 250 T i‘
axial measurement / radial measurement regime / |
regime [
<) / /
A

150 ‘
I / / | 1.096
Gl

100] / /
50 B ]
/ —————""'—’_/ 1 % trues, .

>

5 10 15 20 25
Fig. 15-12, AA2219, base material T2, 6 mm thick: Visualization of the equivalent stress curve ae'f]XtMises;
Ramberg-Osgood-mapped measured cross-section smeared axial stress F/A;

Increase of plastic porosity f with fogc = 4% at R ,. ; Increase of the notch curvature a/ p with

odc »
al p=0.409 atR,, (replacing the higher R, ); /ncrease of v in the elastic-plastic transition domain
approaching 0.5 and barely visible the decrease in the porous domain

15.4 Specific Potential Surfaces being Strength Failure Criteria

Brittle ‘porous’ materials may still fracture in the elastic-plastic transition domain. For this fact,
Ismar and Mahrenholtz [Ism82] developed a Beltrami-based SFC model describing the failure
behavior of a material between the proportional limit and the ‘onset of yielding’. In Table 15-4 the
SFC-formulations in all regimes shall be comparatively displayed. This includes potential surface
descriptions and associate strength failure criteria SFCs.

LL:

v’ Whereas with the elasticity formulation of Beltrami the Poisson ratio v is growing this is opposite with
the formulation of a porosity-linked plastic model due to the increasing porosity

v" The hypotheses of Beltrami, Mises, Gurson describe an increase or decrease of surfaces of constant
potential. The shape of the surface theoretically begins with v = 0 (sphere, found with foams) growing
up from 0 < v to v = 0.5 via the growing Mises cylinder keeping v = 0.5 and ending with an
ellipsoid, which shrinks into a spherical direction represented by 0.5 > v.

v For two domain limits a clear value for the varying Poisson ratio is given:

proportional limit o <R} =v=v, and yieldlimit c=R}, =v =05

v" Designing requires to use limit state formulations, termed failure criteria (SFCs). These are
fracture failure criteria for brittle materials namely for ‘Onset-of-fracture’ and yield failure
criteria for ductile materials. In practice, for ductile materials these failures are ‘Onset-of-
yielding’ and - for the author - ‘Onset-of-void coagulation = Onset of ductile Cracking ’ in the
case where strain-softening applies

v" A Strength Failure Criterion represents a defined Design Limit State and is therefore a special

v’ critical Potential Surface F.
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**The novel Extended Mises model just requires the determination of one more parameter, the
porosity value f . All model parameters are measurable quantities.

**With the novel porosity-capturing o-¢ curve, being a ductile porosity-improved Bridgman
correction, a simplified plastic analysis procedure could be achieved.

** For engineering reasons trueR" = R ;. Will represent the load carrying capacity to be

considered.
Table 15-4, Isotropic materials: Determination of model parameters, single mode view.

* Modelling Functions F describing a subsequent potential surface

elastic-plastic plastic plastic porous
Beltrami Hencky-'Mises'-Huber ‘Gurson’ type
Dt Dt Dt Dt Dt Dt
Rprop < O-Bel < RO.Z g4 RO.Z < O-Mis < Rm K4 Rm < O-eq < Rodc
stress - controlled strain — controlled

o : = running variable of the subsequent potential surfaces
Rl /Ry,” <c®™ <1 © 1<c™ <RP?/R,
ellipsoid - cylinder - ellipsoid
|l=(O'|+G“+O'“|) = f(o) ., GJZZ(O'I—O'“ )2+(O-||_O-||| )2+(O-|||_O-| )2: f(7)
3J ,? . 3J i 1-2
_tz2 -_12=CBeI<—> FMIS:_t22 _cMis . _ v
R0.2 R0.2 RO.Z 2 + 2V
Insertion of a (measurable) normalizing strength, yield strength point with v =05 - x =0
3R,?/3 R 2
P == ik 2 = cBx 5 B =14 & =1, and « an elliptic shape parameter
ROZ R02
* Strength FailureCriteria (SFC), R — R, (with ® =1 for full rotational symmetry)
R : = strength design allowable, marking a special potential surface = design limit state

elastic, very brittle ductile very ductile
o, 3J, 3J, 1
Eff= ——=1* © Eff =—%=1 ¢« Eff= —~+¢, - ——-2f, =100%.
Rt t2 2 2 odc
m m odc odc

For similarity reasons: for the 2 modes Normal Fracture NF, Shear Fracture SF (brittle)
and after inserting o =R- Eff and dissolving for Eff follows

N :05-"/4‘]2_'12/3“1— 1 - B :05‘1/4J2—I12/3+I1

2-R' 2.R!
SF
I <0.FSF:CSF'3‘]2+CSF' |1 E EffSF:CZSF'I1+\/(CZSF'|1)2+12'C1SF'3‘]2 =O_eq
U TR R TR R 2R R

¢,” =1+c;" with direct consideration of the Poisson ratio ¢ = (1+3- )/ (1-3- )

,>0:

c

Last unknown to be searched is the elliptic shape linked parameters such as ch by insertation

of a bi-axially compressive failure stress or a fracture angle x = c0s(2-6¢ °- 7z / 180).

Non-linear stress—strain analysis Note:
Usually Co-axiality, Prandtl-Reuss equations and an Associated Flow Rule is employed in order to

predict strain rate &; and the Lagrange multiplication (proportionality) factor A .
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16 Note on Continuum (micro-)Damage Mechanics (CDM)
Aim: Primarily checking CDM application whether it is mature for a reliable Static Design Verification.

CDM is applied for ductile and brittle materials. The loading may be static and cyclic, with the
latter requiring fatigue investigation. Regarding stress-strain curves, CDM principally captures the
load-controlled hardening part and the deformation-controlled softening part. Softening part
examples are the still mentioned embedded UD layer (F£ig./6-1) and the ductile metal tensile rod
described in the last Chapter by a porosity—capturing ‘Gurson’ model. Results of isotropic analyses,
employing the softening curve branch, can be used to better design notches, openings in pressure
vessels (fuel tank task in Ariane 5 upper stage) etc.

G4 T -
RJ_"

i
[MP?n] M’J—\
) !1 s
—m\ 45 Ilcu ; 1o 15 [%] 2

5
\ [ s :softening __|
Lu] -
\ )u h : hardening

'!ﬁi

Lo ]

L tatad
{n|u)

Fig.16-1, example UD ply: Full stress-strain curve with load-controlled hardening and deformation-
controlled softening of the layer (ply) embedded in a laminate

CDM is pretty linked to multi-scale modelling, which will be looked at in the next Chapter.

All materials are generally composites. Applying CDM one goes down to the constituents of a
composite to metallic grains or to fiber and matrix for instance. Moving

down on the scales it is helpful to use the physical formulations gained on the macro-scale such as
Mises yielding with ductile metals in the tension and compression loading domain and Mohr-
coulomb friction behavior of brittle materials in the compression domain. Shear stress
loading is composed of a tensile stress with a compressive stress. This activates two failure modes,
which leads to normal fracture in the case of brittle materials. These physical effects stay valid at the
lower scale and are to consider adjusted.

LL:
It is always to check, whether a Mises yield criterion can be applied to quantify micro-damage portions
or a fracture criterion in the case of very brittle behavior, i.e. Fiber Reinforced Plastics (FRP)
experiencing matrix yielding:

16.1 Static Behavior

Micro-damage formulations:

CDM is basically used to capture the evolution of the micro-damage state from micro-damage D =
0 up to ‘Onset-of-Failure’ at maxD, which is for brittle materials at the end of hardening or at
achieving the strength R.
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In CDM, the formulation of the describing constitutive equation is based on one of the following
two approaches (Here the stress-strain curve is meant):
(1) The strain equivalence principle approach or on
(2) The stress equivalence principle approach.

From engineering side, the latter is preferred because 3D stress states and residual stresses have
to be considered in design dimensioning. The
constitutive relationships are formulated in the effective undamaged configuration

o4 =0/(1-D) with a stress-strain relation linked by the stiffness elasticity matrix [C],

which reduces due to growing micro-damage. Fig./6-2 exemplarily depicts the relationship for
a 2D-loaded transversely-isotropic UD material. By inversion of the effective compliance
matrix Ser the decaying stiffness matrix Cegr 1s obtained.

{c}=[C]-{c} > {¢} =[S]-{o} as practical test-data evaluation formulation

1 —V, 0
E -(1-D E
' ( 11) 11 D11 DZl 0
-V,
S = —Z _ 0 with D=| D D 0
ot E,  E-(1-D,) o b
(symm) ; N
| ’ G12 '(1_ Dss )_

usually not considering the off-diagonal D,, .

Fig.16-2, 2D-example UD material: Compliance matrix [S] and micro-damage matrix [D].

The Dj; represent the accumulation of the micro-damage process portions and are theoretically
terminated by maxD at the tensile strength point in the case of brittle materials and at the rupture point
for very ductile isotropic materials. These portions may occur during a monotonically increasing
static loading. For brittle materials micro-damage starts at the ‘elastic end’ being a level where Eff
has still reached a value, see Fig./6-3. Unfortunately, maxD in static CDM cannot become 100% due
to its usual modelling basis! The center figure outlines how a stress-man views the ‘onset

\ 7
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Modelling 'Stressman'-desired course of D Abaqus reading in case of very ductile materials
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Fig.16-3: The various ‘Onset- of- Failure’ envelopes: (left) Smearing of the micro-damaged material,
(center) shear of a slightly brittle material, (right) Ductile material (Ansys FEA code)

of micro-damage’ of a slightly brittle material. In the elastic domain < Rorop = Reasticy there is no D-

contribution. The blue ‘flow curve’ then will contribute.
The right figure (from Abaqus) surprisingly outlines that there micro-damage first begins with void
nucleation and coagulation which rises the Question:
Does really not any micro-damage happens below R' ??

Micro-Damage-free (in German schadigungsfrei, nicht schadensfrei) and crack (= macro-damage, in
German Schaden)-free does not mean free of flaws.
LL:

* CDM is generally always good for understanding static & cyclic material behavior

* Confusing is faced regarding ‘onset of counting micro-damage ’portions in static case: once < R’ but also

>R’

Material behavior-determined slip and failure angles:

The number of slip systems in ductile metals is usually high, and those that are active possess an
orientation near to the planes with maximum shear stress. Under uniaxial loading the planes of
micro-cracks are always inclined approximately 45° to the direction of the applied tensile stress, see
(Fig.16-4). In single crystals, the lattice structure is spatially oriented in such a way that a sliding
plane is obtained at an angle of 45°. In poly-crystalline metals with randomly distributed lattice sub-

structures this will change a little.
A
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Fig. 16-4, very ductile metal material: (up) Mohr stresses and failure angles. (below) Mohr stress circle for a
compressive and a tensile uniaxial external stress of a semi-brittle material
7,=0 -cos(«x) - sin(a) with « the angle to o direction, 2- maxz = o for = 45°

Known from brittle material behavior under compression is: The failure angle depends on the
friction value u. After the formula, derived in [Cun23c], the computation of the failure angle with the
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Mohr-Coulomb model delivers exemplarily for a material friction value 4 = 0 (= fully ductile) the
expected value of 45° and for a friction value 4 = 0.2 the angle 51°, see Fig.16-5. The author presents

in this figure that the angle changes from the 51° at the compression strength point ﬁlc up to 90° at
the tensile strength point F_{i .
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Fig.16-5, brittle UD-material: Joint display of the UD failure curve in Mohr stresses, indicating an fracture
angle increase Ofp° when approaching Ri . Shear fracture plane angle in the touch point 51° and linear
Mohr-as well as a more realistic curved Mohr-Coulomb friction curve. Touch point is defined by (o ,zr,) »

linked to R .

16.2 Cyclic Behavior of Ductile Metals applying Micro-scale Material Modelling

Once micro-cracks have nucleated due to strain accumulation from cyclic slipping, they grow in the
early stage typically in the order of the material’s grain size (text from M. Mlikota - S. Schmauder:
Thanks to Siegfried). In the course of further cyclic loading, micro-cracks, formed along these slip
bands, will grow and link together. In metals and alloys they grow predominantly along the
crystallographic planes because they are highly affected by microstructural barriers such as grain
boundaries or other micro-structural features. The coalescence of trans-granular micro-cracks,
namely, if two micro-cracks meet each other at the same grain boundary, is performed in the
numerical simulation of the crack initiation after Tanaka-Mura. It occurs if the average stress in
between their tips surpasses the elastic limit Re of the material’s new micro-crack, created on this
grain boundary line, uniting the two trans-granular micro-cracks into a single one (example pure iron
Re = 260 MPa.

O.Mises
eq Nuclected cracks

Crack coalescence

Fig.16-6: Simulation of AA micro-crack coalescence (Lorenzino, P., Navarro, A. & Krupp, U. (2013), ‘Naked
eye observations of microstructurally short fatigue cracks', Int. J. of Fatigue 56(0), 8-16.
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Already nucleated crack segments tend to extend along the whole grain, causing local stress
relaxation as well as concentrations at their tips and by that amplifying the likelihood for new crack
formation in the vicinity. In the course, micro-cracks form along the slip bands, grow and join.

The change of the crack plane from the crystallographic plane to a non-crystallographic plane
perpendicular to the external stress axis is called the transition from Stage I (crystallographic growth)
to Stage Il (non-crystallographic growth) or transition from the micro-crack initiation to a micro-
crack growth stage resulting in a short crack, as depicted in Fig./6-6.

However, the dominant short crack does not always continue propagating. Namely, in the case of a
lower stress level, the short crack may stop growing. Such a situation is typically known as run-out,
which indicates that at very low stress levels an infinite life may be obtained. Run-out below the
endurance limit means crack-retardation, Fig./6-7. In the long-crack regime the fatigue crack growth
rate da/dn can be characterized by the stress intensity factor range 4K as a dominant driving
parameter.

The CDM-driven Region I in the figure below is here of interest, but should be illustrated as part of
the full crack failure picture: A typical fatigue crack growth rate curve da/dn (AK) for the long crack
is illustrated in Fig.16-7, too. If in a double logarithmic scale the long crack propagation rate follows

a straight line in Region II, in sufficient distance from the threshold AKj, , then the long crack growth

rate domain can be well described for most engineering alloys by the so-called Paris law:

- C . AK NForman
-AK™* . Forman: da/dn=—"oman [HSB 63205 - 01]

Paris (1-R) K

In the figure and in the formulas above da/dn is the crack growth increment per cycle, 4K = maxK —
minK is the range of stress intensity factor, and C (intercept with the y-axis) and ngeman (slope) are
material curve parameters that are deduced by fitting the course of experimental data. Klc is the so-
called fracture toughness.

Paris: da/dn= C

Forman

da/dn

R = const

Region | kegion ||

Short cracks

Region lll

Ny G Long crack

AK, (1-R) K

Forman

Fig.16-7: Fatigue growth rates of micro-cracks (short) and long cracks in dependence of 4 stress intensity
factor. Schematic representation of the loading level- dependent transition from region I into region II.

n = number of cycles, a is crack size-
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(Newman, J.; Phillips, E. & Swain, M. (1999), 'Fatigue-life prediction methodology using small-crack theory', Int.
Journal of Fatigue 21(2), 109-119)

LL:

* There is a hope, that in future for metals a basis will provided, that the estimation of an endurance limit
will be possible.

* A grain is usually polycrystalline with crystal planes in various spatial orientations. Hence, a metallic
‘composite’ material can be only termed homogeneous and isotropic if these orientations are
randomly distributed in order to become quasi-homogeneous. By the way, this is the same for an
isotropic short fiber-reinforced polymeric material, otherwise the so-called orientation tensor has to
take care of the non-isotropy.

16.3 Note on Application of Continuum (micro)-Damage Mechanics (CDM) in Static Strength

Note on Stress effort £ff versus micro-damage development D:

For the designer of interest is how the material’s stiffness decreases with increasing stress effort or
load, respectively. Design allowable R and average strength R lead to different stress efforts in
design verification and in modelling of material damaging (50% value = highest expectance
probability), see Fig.16-8. The enlarging effect of the design FoS j on the value of Eff, when reaching
failure, is considered in the design verification curve (dashed line) depicted below. The more reserve
is, indicated by a positive Margin of Safety MoS, the lower Eff is. This has an effect on the actual
strain in the non-linear analysis case. It becomes smaller and the strain is less plastic, which is of
interest for the validity limit of an elastic analysis.

In the case of 3D modal SFCs (for comparison) the common micro-damage-caused degradation is
considered by an interaction equation that reflects the micro-damage influence of all acting stress
states and associated modes. The single mode efforts are interact via the experience-based interaction
exponent m being about m = 2.6.

B
E & fR
=
@
? density function of strength 100%
=
= .
= Fig.16-8:
2 T S
0 R R L
Visualization of the development of stress
Moz >0 -
Eff | Eff = 100% [ effort, strength value, equivalent strength,
design L and
veriication. - material Micro-damage understanding
i model
- of a ‘stressman’.
0 Geg
MoS =RF -1
Dy D = 100%
mean
damage development
0 Geq
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‘Stressman’s’ Assessment of CDM applications:

During his engineering life CDM was often propagated to make in future a Design Verification
possible. In literature, i.e. [Jai2(0], Continuum (micro-)Damage Mechanics (CDM) models are also
used to determine a RF. However, this intention faces some obstacles.

Analogous to the standard procedure then statistically-based micro-damage model parameters would
be required and a total maximum value D is to define according to D < D gpissivie < 100% at failure
and this must be statistically based. Defining such a D—value is a challenge for the application of
(micro-)Damage Models in the Design Verification (DV) for serial production certification. This
challenge is novel and higher than providing the classical strength design allowables R, necessary for
computing Eff.

Further, in known standard procedures Eff runs 0 < Eff' < 100%, whereas D begins at a distinct Eff-
value but should principally also end at 100%, see [CUN22, §15.3]. Here, a very essential question
comes up: “How does the designer assess a stress level that is below the ‘onset-of-micro-damage’?”
In this context another question arises: “How are to consider low stresses in Low Cycle Fatigue?”
The provision of a CDM-failure body would be mandatory for obtaining DV. Hence, up to now CDM
seems not to meet the authority-demanded DV-requirements regarding the statistically reduced
design strength R and regarding the relationship o ~ R - Eff, which is valid in the linear elastic and in
the non-linear regime.

LL:

* Stiffness decay CDM model parameters are difficult to apply
* The ‘stress-man’ will not understand that at maximum load, which is at the strength point, the sum
of micro-damage does not approach 100%.
* The author could not sort out a consistent procedure that might be used in design verification. A
clear derivation of the maximum micro-damage values seems to be missing.
* How is the interaction of the damage portions in 3D-CDM solved?
* Stiffness decay CDM model parameters are difficult to apply
* Looking at ‘well analyzing’, which requires well-mapping of the stress-strain behavior in the
hardening domain, one should always remember the scatter of the measured curves.

Engineer’s question, regarding above body text:

Is it possible to provide the engineer with similar design verification information when using micro-
damage quantities D;?

Fig.16.-9 left shows the scatter and distributions of some strain curves depicting strength and strain
guantities.
Fig.16.-9 right up demonstrates that a compression test can, due to barreling, can just give a value for
the yield strength Rg_z. This requires the determination of the increased hoop diameter, when aiming

at realistic Rp- and E-values for tensile and compression. The figure also informs that for a static test
specimen of a product the directions are marked by the subscripts L, LT and ST and that these are
used for the description of sheet-type test specimens. These specimens are machined in the rolling
direction (letter L), transversal direction (T) and thickness direction (S). In the case of thick structural
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parts smooth tension bar test specimens are cut out, in the case of thin plates flat test specimens are
investigated, which better represent 2D-structural shapes.
This is similarly performed for the radial and axial direction of a cylindrical test specimen.

O . l i i pressure
mean eng + measured stress-strain curves plate
—t 450 ‘
fracture strength R SR Yo %
b ) P~
design allowsble for Rt 400 t
fracture strength -~ onset of plastic deformation,
rean & 350 fracture barreling test
ng Rt :
yield strength 0.2 ==> | onsetof specimen
ieldin
design allowable for Rl 5 i 3 B
yield strength 250 T T T plate
200
|
Subscript | Loading in the
150 m; L L-direction
LT T-direction
100 ie pl ) ST S-direction
50 P . ), = S &
- ‘o ] € o\
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0 2 4/ 6 / g 10 12 [%] '~ &l L
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Fig.16-9: AA2219 engineering quantities and curves, deformation of a compressed ductile test specimen.
(right down) Marking of sheet-type test specimens

Eventually Fig.16.10 shall show the shape of the tensile rod test specimen and a picture of the porous
fracture surface of the ductile material used

Fig.16-10: (left) Geometry of the tensile rod; (right) Voids on the fracture surface [IWM]

LL:
* Before executing any analysis with a distinct code the designer has to check whether the actual
stress-strain curve fits to the shape of the implemented curve
* For the best possible estimation of the component behavior, the average stress-strain curve e
must be taken
* The average stress-strain curve ge does not inescapably run through the means of yield

(0 — &)yield and of fracture (o — &)
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17 Multi-scale Structural modelling with Material Modelling and some Analysis
Aim: Making aware of limits when applying validated macro-scale formulations at lower scales.
17.1 Structural Analyses over the Scales

Structural modelling with associate analyses is performed at many scales, see Fig./7-1, from the
macro-scale up to the Burj Khalifa building size.
Thereby, the challenging task is the input of the right material properties: Which values are to insert
when analyzing at the lower scale? What about the stress-strain curve, and which for instance for the
anisotropic UD material remains always bound to the macro-scale?

Fig.17-1: Size variety of structures.

(left) Truss structure, created by J. Bauer
and O. Kraft with laser lithography. Glass-
like carbon nano-framework R®= 3000 MPa.
Advanced Materials, Progress Report,
‘Nanolattices: An Emerging Class of
Mechanical Metamaterials’. JensBauer, Lucas
R. Meza, Tobias A. Schaedler, Ruth
Schwaiger, Xiaoyu Zheng, Lorenzo Valdevit.
2017,Wiley Online Library

Burj Khalifa, 828 m

All this requires investigating the applicability of the usual macro-scale formulations especially
concerning static strength, fatigue and fracture mechanics. For the assessment of a stress state, when
viewing Design Verification (DV), it is to know the ‘Onset-of-micro-damage’ and the later following
‘Onset-of-micro-cracking’.

Multi-scale modelling is executed for static and cyclic problems. In the cyclic case, there are three
key ‘points’ that separate the regions in Fig./7-2:

+ Ultimate strength Rmt : Stress level required to fail with one cycle,n =1
* Onset of Yield, R,: Stress value at onset of plastic behavior with being R, < R,

* Endurance limit Se(ngurance): Stress corresponding to the horizontal asymptote of the SN-curve.

The course of the cyclic failure test data, termed SN-curve, is again mapped by the 4-parameter
Weibull formula ~ R=constant: o, (R,N)=c +(c, —c)/exp(logN /c3)C4,

As the average SN-curve cannot be applied in fatigue life DV, a statistically reduced curve is to
determine as design curve. This design curve defines a full Ddesign = 100% -SN-curve from the tensile
strength as original point and ends in the running-out defining an endurance limit stress.

17-2 Macroscopic SN-curve with Relation Material Stressing Effort Eff <> Micro-damage D

There are practically two possibilities to present SN curves:
(1) Ductile: Applying the stress amplitude o (R,N), also termed alternating stress
(2) Brittle: Applying the upper stress o (R,N)

The maximum stress is physically simpler to understand by the ‘stress-man’ than the
amplitude, according to smooth transfer from the static to the cyclic behavior, Fig./7-2.
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Namely, a decaying SN curve is interpretable like a decaying ‘static’ strength after a
micro-damage process with z cycles.

plastic region elasticregion endurance r.

7

esidual strengh
O (R,N=107)

i S D=1
7\\\

accumulated cyclic micro-damage portions

design curve )
SOt h
L~
development of damagin \\ /
~ b "] -
| cos \é.
,..—-"-—d. [~ ——t
L s
1 10 4 100 110° 190 110° 10®° 190" 1.a0°
micro-cracks 1‘ cyclesn —
(mtrno;,erme) first flament breaks fracture failure cycles N —

coalescence of micro-cracks
intiation of delamination
Fig.17-2, Design Verification: Fatigue average curve and design curve R = 0.1. D = D egq, for a survival
probability P with a confidence level C. CDS is ‘characteristic damage state’ of a lamina

[Hiatt, J. (2016), 'What is a SN-Curve?', Technical report, Siemens PLM Community). Nt = Ninitiai + Nerackgrowtn. RUn-out
below the endurance limit means crack-retardation]

Thereby, the static material stressing effort Eff (Werkstoffanstrengung, Ny= 1) is replaced by the
accumulated cyclic micro-damage sum D(N). Applied here is the classical 4-parameter Weibull curve
with one parameter still fixed as strength point origin, because for brittle materials the strength value

R'=6__ (n=N = 1) is preferably used as origin in the tension domain and anchor point of the SN
max
curve and in the compression domain - R® = c . (n=N=1). In detail, Fig.17-

3 visualizes the transfer from the static load-driven increase of the material stressing effort (n =N =
1) Eff = 100% (expectance value 50%) at the strength point to the cycle-driven micro-damage sum
Dinapping = 100% (expectance value 50%) of the SN curve. The evolution of Eff is not linked to the
accumulation of the micro-damage. At onset-of-micro-cracking Eff is still > 0.

If static failure - maxo = ﬁstatic at Eff =1 and if cyclic failure maxo =R aaD=1.

cyclic’
LL:
* It is always necessary to check whether the material at the lower level behaves in such a way that
physically-based macro-mechanical formulations can be used
* The material data input should satisfy physical model demands, which includes measurable parameters
* DV demands for a statistically reduced SN-curve.
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Analogous limits of the material capacities :
- Static : material stressing effort  Eff(N=1) = 100 %
- Cyclic : material micro-damage sum D (N) = 100 %

Fig.17-3, Mapping: Eff versus D. Mapping deals with averages = 50% expectance value

17.3 Multi-scale Material Modelling regarding Infinite Life (endurance limit) of Metals

Infinite life or, in other words, the endurance limit is an ever-lasting topic of highest interest in
structural design and concerns all materials.
Nowadays, valuable investigations on the micro-mechanics level seem to bring a significant progress
for isotropic metals by using Continuum Damage Mechanics (CDM).

Mlikota and Schmauder found that the so-called Critical Resolved Shear Stress CRSS is the
relevant fatigue-responsible quantity, (Fig./7-4), regarding the behavior of ductile metals in the
micro-scale regime. Multi-scale Material modelling (MMM), based on enough computer power will
probably allow in future ‘Computational material mechanics’ from < micro-scale models (Molecular
Dynamics-treated and test results-supported from statically and cyclically loaded 10 um thick pillars
for instance) via micro-scale to bridge with the necessary properties (hopefully statistically based) to
the classical macro-scale models in structural design.

Multiscale materials modelling could grow and become a significant tool for understanding complex
material micro-damage processes for many homogeneous isotropic materials, a benefit for
macroscale investigations.

The conclusions of Mlikota are:

e The CRSS is the resistance for the dislocations to move through the crystal. It is governed by the
present strengthening mechanisms in the crystal. The CRSS is - according to critical stress
strength - a micro-shear strength.

e The fatigue crack growth modeling procedure in the High Cycle Fatigue regime should include
the following steps: Micro-crack nucleation within a grain — Coalescence of already existing
flaws and/or arrest at grain boundaries — Short crack or Stage | growth — Transition from Stage
I to Long crack or Stage Il growth
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e The discovered relation between endurance limit and the CRSS allows the virtual selection of
those types of materials, which are more fatigue resistant! The physically-based MMM approach
represents a breakthrough in the field of fatigue research

o The higher the CRSS magnitude of the metal of interest, the higher the loading stress level ¢ will
be necessary to accomplish the transition from infinite to finite life

o The multiscale fatigue simulation approach is capable of properly taking into account the mean
stress o,,= maxo -(1+R) /2 with the stress ratio R = mino/maxc and capturing the stress

concentration factor K;, which are influencing factors when designing structural components.

e Experimental tests demonstrate, that there is a drop in resistance to fatigue fracture with the
increase of the grain size.

Slip plone\

Nucleated
cracks

Crack
codlescence 20 um
I

2 mm
I

20 um
CRSS — da/dN, Nini, Qinn — Nprop

Molecular Dynamics (MD) Finite Element Method Finite Element Method
Micro-pillar tests (MPT) (FEM) (FEM)

Fig.17-4: Full modelling approach. CRSS critical resolved shear stress, da/dn crack growth rate,
Ni» number of stress cycles until short-crack initiation, aj, initiation short-crack length, Ny, number of stress
cycles until short-crack propagation.

[Mlikota M. & Schmauder S. (2018), 'On the critical resolved shear stress and its importance in the fatigue performance
of steels and other metals with different crystallographic structures', Metals 8(11), 883]

LL:

* There is a hope for some ductile materials in future to estimate the endurance limits of various
metallic materials in the Ultra HCF regime just by knowing their CRSS values !
Available CDM models seem to be neither to be clear-defined nor classified to be used for
Design Verification (DV). A DV-procedure is searched

* A grain is usually polycrystalline with crystal planes in various spatial orientations. Hence, a
metallic material can be only termed homogeneous and isotropic if these orientations are
randomly distributed in order to become quasi-homogeneous. (By the way, this is the same for
an isotropic short fiber-reinforced polymeric material. Otherwise, the so-called orientation tensor has
to take care of the non-isotropy).

* For the analysis the Mises SFC was employed in order to localize the peaks of shear banding
(vielding) of the investigated steel material

sz;ses =3-3, with 6], =(0, —0,)* +(0, —0,)’ +(0, —0,)° = F(T), 1,4=+/J, /3
* Clearly to be defined is the quantification of the D-portions for ductile and brittle behavior

with a maximum value of total D = 100%:

- static case: the achieved micro-damage value at a distinct (equivalent) stress level

- cyclic case: the cycle-associated micro-damage portions with its derivation formula.
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17.4 ‘Meso’—Modelling of the Example UD material

Fig.17-5 gives a look at the present multi-scale modelling performed with Fiber-Reinforced-
Polymers (FRP). Two scales are linked together, the micro-scale with the macro-scale by a meso-
model. What is meso? Meso is no scale, per definitionem!

* Micro-scale > g m, macro-scale > mm.

* The author experienced (1999) in a BMFT R&D discussion round on three MaTech Competence
centers of institutes working from the polymer-scale to the structural macro-scale - after one
day - that the term meso-scale is used in polymer mechanics by the research colleagues at the
nano-level. This level is one thousand times smaller than the solid mechanics people apply
meso.

* A further classification is available for porous materials, according to pore size: ‘microporous’
pores < 2 nm, ‘mesoporous’ pores between 2 nm and 50 nm, ‘macro-porous’ pores > 50 nm.
[International Union of Pure and Applied Chemistry].

isotropic or a Constituent materials: fiber, matrix, interphase of the interface
quasi-isotropic continuum buildup a layered continuum
failure usually occurs at micro-level

Isotropic Matrix ‘ Micro-mechanical (scale) Model ‘ Transversely-isotropic Lamina (ply)

calibration by macromechanical properties  elasticity, strength

maufacturing 'significances’
| Meso-Model (RVEs, Voxel) | flaws, waviness, matrix-nests,

calibration by macromechanical properties
Ply-by-Ply analysis of the Laminate

merely non-degraded material strain-hardening

degrading material strain-softening + non-linear analysis
beyond IFF
Failure Conditions for the Homogenized Solid = Material

Strength Failure Conditions for the Material
validation of strength failure conditions by strength test series on material level

Macro-mechanical (scale) Model|

Orthotropic Laminate
Fracture Mechanics Failure Conditions for the Structural Part

final failure: FF in an lamina or delamination in a laminate

arbitray crack in an isotropic or a L .
quasi-isotropic continuum delamination crack in a layered

continuum (laminate)

Fig.17-5:Multi-scale modelling, example FRP, brittle. 2 scales. RVE: Representative Volume Element, Voxel:
volumetric pixel

LL: The term meso is a task-linked chosen size level. Apply the term meso-model, not meso-scale,
and define it. In structural engineering meso is used at about 0.1 mm.
17.5 Note on Micro-mechanical Formulas (mixture rules) for Example UD lamina (ply)

Aim: Guideline how to use micro-mechanical models and properties with giving some warning.
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Mixture rules are employed in many technical disciplines (polymer and mineral composites like
concrete). Exemplarily, here at the so-called micro-mechanical formulas of UD-materials will be
looked at, only.

Creep investigations and pressure-related effects on the matrix and in consequence on the UD
material of composite materials i.e. usually require a micro-mechanical input.

Examples of the author, a centrifuge and a WWFE Test Case: The non-creeping constituent fiber is to
separate from the creeping/relaxing constituent matrix. In order to capture these features the use of
‘micro-mechanical mixture rules’ in structural engineering is common practice. It requires properties
of the constituents and the so-called mixture rule, how these constituent properties are linked, to be
able to predict properties of the envisaged (‘smeared*) material on the macro-scale. Not all
micro-mechanical properties applied can be measured. A solution will be obtained by setting up
mixture rules and calibrate them via macro-mechanical test results on the lamina macro-level. This
makes an inverse parameter-identification necessary.

Hence, the application of a micro-mechanical formula underlies the constraint that the given micro-
mechanical properties can be only used together with the formulas they are based on. Otherwise the
results might be pretty wrong. For example within the WWFE, Test Case 1, the organizer QinetiQ
just provided micro-mechanical material properties but not the associated micro-mechanical formula.
Therefore, the author had to apply micro-mechanical UD formulas from [VDI 2014, sheet 3] and
found a discrepancy of a factor 2 for the data to be predicted! This is not acceptable for the WWFE-
task model validation.

LL: Micro-mechanical properties can be used only together with the formulas they have been
determined with! <= Warning!!
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18 Some Lessons Learned from Testing and from Evaluation of Test Results

Aim: Forwarding lessons learned.
In structural design one basically faces 3 types of testing:

» Structural Testing (destructive, non-destructive)

» Materials Testing (destructive, non-destructive) and

» Non-Destructive Testing of structure and material (NDT, NDI, NDE).
Other tasks here are: Failure detection, localization, size + shape, Failure
assessment (risk-based).

All structural tests to be performed aim to uncover a deficiency: Workmanship, design mistake,
oversight of a failure mode, tightness, shock resistance etc.

Fig.18-1 presents the test strategy of the MIL handbook 17, a forerunner guideline for the
development of composite structures which are more challenging than developing isotropic
structures.
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Figl8-1: Test strategy of MIL-HDBK 17 (original edition about 1970). MIL-HDBK-17/1F (VOL. 1 OF 5),
DEPARTMENT OF DEFENSE HANDBOOK: COMPOSITE MATERIALS HANDBOOK - POLYMER MATRIX
COMPOSITES GUIDELINES FOR CHARACTERIZATION

In this Chapter some personal experience is presented, beginning with structural testing.

18.1 Structural Testing primarily based on the Ariane launcher development

At first, a Test Agreement is to provide. It consists of test rig, test specification, test specimen and
test data evaluation method and the Test Procedure. Therefore, one can only speak about ’exact’ test
results in the frame of the obtained test quality.

Fig.18-2 presents the so-called sub-structuring (affecting shares between the participating
Ariane partners) an example for violating mechanics: MAN was not permitted to include the
neighboring structural part despite of the fact that it was also a MAN contract part. We could not
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implement the FE model of this neighboring part in order to optimally represent the real boundary
stiffness conditions in the model of the ‘studied structural part’ but had to implement the given
boundary conditions of the contract. This caused a wrong behavior of the ‘studied structure’ and
was a real mess regarding the evaluation of the test results and comparison with analysis results.
The first test article has been allegedly strengthened, which was senseless.

Sub-structures Model Structure with its boundary
Launcher Structure X
of the Launcher Structure conditions for buckling calculations
adgacent v v

struchue

pressure,
temperature

adjacant > 4

stimchure ﬁ

C—>> =external loads

O =mterfacs stithess

— = boundary conditions

Fig.18-2: Sub-structuring of the Ariane 5 launcher, Front Skirt test

LL

* Test article analysis is mandatory to interpret the test results and simulation-based improve the design.
Only well-understood experiments can verify the design assumptions made!

* Splitting of a large structure (Ariane experience) is dangerous: The first buckling mode can appear on
an adjacent structure and not on the studied one

* Mandatory for a realistic qualification of a sub-structure is a realistic set of cross-section loadings and
pressure loading with an accurate structural designing of the interface stiffness of the adjacent
structural parts. If the interface is too stiff in the test assembly this will attract loading and lead to a
non- realistic failure site (experience from Ariane 5 tests)

* Not all critical locations of a structural component can be tested, because an ‘over-testing’ of some
parts may happen to be. ‘Verification By-Analysis-Only’ is to be considered if the structure is too big
or if the test model shall e.g. be applied later as flight model

* Put strain gauges there where a clear stress situation is in order to avoid useless discussions about the
interpretation. Check locally by strain measurements and then rely globally on FEA-test result
comparison

* Specific design requirements drive testing

* Requiring different so-called system margins MoS,, (suffered nonsense in a Ariane Technical Specification)
for the various structural parts, then not all critical locations can be tested without overloading other
integrated parts. Components of such a structural assembly cannot be verified by a qualification test,
because system margins cannot be used locally like a ‘fitting factor’. They should have been
considered directly in the Ariane 5 as a usual design FoS, applying j,s = (M0S,, +1)-J. Otherwise, the
design process is obscured and is prevented from applying the most economic measure in order to
take risk out of the structure

* Requirement to put a design FoS j on a design temperature violates physics and structure behavior
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* So-called test correction factors are applied to adjust the design verifications by accurately evaluated
structural test results linked to the test article analysis results.

18.2 Material Testing primarily based on the World-Wide-Failure-Exercises-1 and -11

The author succeeded with test-validation of 3D-strength criteria models for isotropic concrete,
transversely-isotropic UD-material, orthotropic ceramic (fabrics) with visualization of the derived
3D failure surfaces if reliable test data sets were given.

This was only partly given in the the World-Wide-Failure-Exercises-1, concerning2D-mapping,
and —II, concerning 3D-mapping of UD materials. The author’s WWFE-I and -II contributions had to
be based on an intensive assessment of provided test results. In this sub-chapter the Lessons Learned
during the examination of several WWFE-Test Cases (TC) will be collected.

Validation of the lamina-material SFCs models can be only achieved by 2D- together with 3D-
lamina test results. Since SFC-model validation is focused just lamina-TCs are now investigated in
detail. The normal user is just interested to well map his course of failure test data by a UD-SFC and
not on the laminate analysis tools.

The laminate test cases serve for the verification of the laminate design. There the full WWFE

failure theory is required. This makes a comparison between the contributions very challenging
because different FE codes were applied by the contributing competing institutes. These better tools
further had to be equally compared to the retired author’s tools. He could just use his handmade non-
linear CLT-code upgraded by experience and using his sensibleness for the problem and the delivered
input.

LL, more general ones

* Measurement data is the result of a Test Agreement (norm or standard), that serves the desire to make
a comparability of different test procedure results possible. Hence, there are no exact property values.
Material properties are the result of the material model applied inclusively mapping process.

* Stresses, strength, strains, elasticity properties cannot be directly measured

* Check of assumptions is necessary before designing (example: WWFE on UD-material). Pore-free
material, specimen surfaces polished, well-sealed, fiber volume is constant, tube specimens show no
warping and do not bulge, perfect bonding, no layer waviness, edge effects do not exist

* Sometimes one must live with a substitute test situation in order to get some approximate properties
(Example: UD-Tension/Compression-Torsion test device — Arcan test device)

* Before thinking about test data evaluation the associated underlying micro-damage processes must be
sorted out in order to get a better understanding of failure

* Test specimens shall be manufactured like the structure (‘as-built’)

* Comparisons between theoretical predictions and test data help to identify the major discrepancies,
limitations, and areas which require further theoretical and experimental work. There is always a lot
to be done and following Moslik Saadi ”All is difficult prior to becoming simple’’! This begins with
the provision of appropriate test specimens for the various material families being extreme ductile or
brittle and ends with appropriate test procedures and an appropriate test data evaluation

* Considering FE-results: We must more and more 3D-design! However the situation of properties,
especially for composites is: ,, 3D-property data test sets are seldom sufficiently available *.

Of high interest for future scientists and engineers might be the following assessment results of the
provided properties during the author’s many WWFE-designated years. They are results which stem
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from a very careful and effortful test data evaluation of about one man year. Otherwise, a successful
WWFE-contribution could not have been made possible.

Thereby, some essential WWFE TestCase-examples for lamina-input shortcomings were found:

* WWEFE-I, TCL1: the provided strengths have been changed from Part A to B and two test points are doubtful
regarding own test results (Reason is known: non-accurate raw test data evaluation of the test engineer at
DLR Stuttgart. Organizers did not question the test data but required mapping of the false ones!).

* WWFE-I TC2: the author informed the organizers that apples and oranges have been put here together in a
diagram. One cannot fill into the same diagram 90°-wound tube test specimen data together with 0°-wound
tube data. The 0°-stresses have to be transformed in the 2D-plane due to the fact that shearing under torsion
loading turns the fiber direction (see Fig.17-3) and the lamina coordinate system CoS is not anymore identical
with the structure coordinate system of the tube. In order to also use these test data the author exemplarily
transformed magenta-colored two fracture test points by the occurring twisting angle y using a non-linear
CLT-analysis. Then he could achieve a good mapping showing, that the two transformed fracture points
accurately lie in the lamina CoS on the 90°-curve.

* WWFE-II, TC3: the same mistake happened again! However, here the much more complicated 3D-stress
situation was to face, so that the 3D-transformation of the 0°-data set could be simply performed.

* WWEFE-II, TC2 an average stress-strain curve should have been provided because otherwise no realistic
treatment is possible. Therefore the Part A results could be only inaccurate. From the Part B information the
author could derive an average curve and then all 3 TC test data courses could be mapped and the mutual
check points in the fully connected TC2-TC3-TC4 matched. Incomprehensively, there was no response of the
organizers to the author’s idea, which made 3 TCs to successful test cases.

* Viewing the final papers of the WWFE-organizers “A comparison of the predictive capabilities of current
failure theories for composite (UD-composed) laminates, judged against experimental evidence” and
“Maturity of 3D failure criteria for fiber-reinforced composites, comparison between theories and
experiments”, there is not any doubt to find concerning the quality of the only available, provided test data
sets. One third of the provided TC test data was at least questionable till not applicable for model validation.
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Fig.18-3, rmfr (o,) basic cross-section of the fracture failure body: (right) WWFE-1, TC2, UD lamina,

CFRP, T300/BSL914C Ep ; (left) Tube test specimen picture: [Courtesy IKV Aachen] The normal user is
just interested to well map his course of failure test data by a SFC

* Test results can be far away from the reality like an inaccurate theoretical model.
* Theory creates a model of the reality, one experiment shows one realization of the reality.
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19 2D-Laminate Design: Direct Determination of Tsai’s ‘Omni principal FPF strain failure
envelopes
Aim: Replacing the ply-by-ply proof of multiple-ply laminates by a much simpler method

Steve Tsai’s idea was to by-pass the effortful ply-by-ply analysis of multiple-ply laminates by using

a so-called ‘Omni-(principal FPF strain)_failure envelope’. This envelope surrounds an intact Non-FPF
area whereby FirstPlyFailure (FPF) includes Fiber Failure FF and Inter-Fiber-Failure (IFF).

Such an

‘Omni failure envelope’ is to determine for each composite material, applying a FPF-Strength Failure
Criterion (SFC), and will capture all possible laminate stacks. Naturally, the used SFC significantly
determines the shape of the envelope, see Fig./9-1. Dimensioning is performed by
showing that the design loading-caused principal strains are lying within the Non-FPF area. The idea
can serve as a very practical Pre-design tool.
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Fig.19-1: Cross-section o, (o) of the failure body, Tsai-Wu versus Cuntze

19.1 Tsai’s indirect Determination of the 2D ‘Omni envelope’

Fig. 19-2 displays different ‘butterflies’ (name, how the author Cuntze termed the bundle of i FPF-
curves), derived using the SFCs of Tsai-Wu and Cuntze). These numerical results of the FPF-linked

4 & 4 &
15 4 15 4 Non-FRF area Cuntze
10 10
] 57 / \
0 > 0 >
& &
._.5 ~ __5 -
—10 —-10 1
=151 FPF envelope Tsai-Wu —1514
IM7/977-3 IM7/977-3
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20

Fig.19-2, bundle of all FPF envelopes = ‘butterflies’: All ply FPF-envelopes enclosing a non-FPF failure
area; 0°< a < 90° (91 ply angles). Principal strain in %o, suffix FPF is skipped. CFRP IM7/977-3. In all

pictures: (left) Tsai-Wu with =0, F, =-05 and (right) Cuntze with x =02, m=27
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principal strain curves clearly depict the significant effect of the chosen SFC, see above figure.
The different lateral properties determine the shape (wing edge) of the obtained symmetric ‘butterfly’
with its single, grey-marked principal strain curves provided by E. Kappel.

19.2 Cuntze’s Determination of the 2D ‘Omni Envelope’

The derivation of such an ‘Omni failure envelope’ is pretty effortful and no direct formulation
could be found in the past. Recently, this bottleneck could be by-passed by an idea of the author, who
examined various horizontal cross—sections 1; = constant of the UD-FPF fracture body in Fig./9-3
below. He found that t,;=0 delivers the smallest Non-FPF area. > Pre-
Dimensioning can now be performed by showing that the design loading-caused principal strains are
located within the Non-FPF area, a simpler pre-design of arbitrary laminates is possible.
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/@ 2 | |10
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\ VI‘[ - /) 6 /
0,
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- —_————F
=
Fracture body = Surface of all —— T s -
fracture stress vectorpins Pl {0}=(0,,0:,0,0,0, 1)

Fig.19-3: (left) 3D UD Failure body. (right) F'PF-envelopes for 3 planes t,;= const. CFRP IM7/977-3

Fig.19-4 (left) presents the resulting Omni principal strain FPF curves &, (g,) with a not

unambiguously solution ep(er) for each parameter level 13 = const. — The failure curve
o,(o,,7, =0) describes the ‘Omni envelope’.
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Fig.19-4: Mirrored envelope of the (Cuntze procedure), CFRP IM7/977-3
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Originally, the ‘second’ solution-linked additional outer curve parts were excluded in the graph and
the right figure eventually shows the ‘cleaned-up’ envelope, representing the limit Eff = 100%,
enveloping the Non-FPF area. The cleaned-up graph is identical to the Non-FPF area obtained by the
standard Tsai ‘butterfly’-determination procedure.

Domains of the envelope could be dedicated to the locally faced failure mode types FF and IFF.

In a novel investigation, detailed in ZTable 19-1, Cuntze could give a complete look of the different
envelopes in Fig.19-4 (left). Depicted are the ‘butterfly’ wings (outside) and internally the
shadowed Non-FPF area. For optical comparison reasons E. Kappel ‘traditionally’ provided the
‘butterfly’ procedure plots for Fig.19-4 (right) and Fig.19-5.
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-" ‘Omni failure N
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Fig.19-5: (left) Various envelopes of the Non-FPF area (Cuntze procedure following Principal Strain
Procedure Cuntze in Table 19-1)..(right) ‘Butterfly’ and Non-FPF area applying the SFCs of Tsai-Wu and
Cuntze

19.3 Pre-design Example using the ‘Omni Non-FPF area’ and Determination of Reserve Factor

Of highest interest is the reserve factor which must be smaller for a simplified design method than
obtained by the classical ‘Ply-by-ply procedure’, thus remaining on the Safe Side. Laminate Design
Verification is traditionally performed by above ‘ply-by-ply’ analysis, assessing the obtained ply

(lamina) stresses {0} in the critical location of the most critical plies. Now, a simpler more global

assessment is possible (Zable 19-2) by using the in-plane principal strains of the laminate, strains

Tablel9-2: Procedure of checking a probably critical design stress state

A Non-FPF area within an ‘Omni failure envelope’ is given for the chosen laminate material

> FEA delivers the maximum state of the 3 strains of the laminate stack
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» Transformation into the 2 principal strains as coordinates of the Non-FPF area
> Check, whether the strain point(g,,&, ) lies within the envelope or Non-FPF area

» Determine material reserve factor frr = vector length ratio of failure strain/design strain.
which represent the loading. Such principal strains are a standard output of modern FE software.

They are mathematical and not material symmetry-linked quantities.

Remember, please: The execution of the Design Check runs under the Presumption
“Linear Analysis, proportional stressing o ~ & is permitted’.

Table 19-1: Procedures, how to obtain the material reserve factor fzr

SFC Cuntze: Failure Function F({O'} ,{ﬁ} 7 directly) =1
ffepe = [(EFfF7 )" + (EffI ) +(Eff )" + (Eff )" +(0)" 1™ '21, m=27
Input
{O'} = (01,02,0'3,123,131,721)T — (0, =900 ,0,=20,0, 0,0,7,= 25)"MPa,
{R}=(R{.R/.RI,R,R,)T —(2230,537,71,202,78)" MPa, 41, =0.2.
{o} -loading-caused ply strains and loading-reperesenting principal strains

& =8,°0,%8,°0,, & = Sy 0,18y, 0,5, V=S¢ Tn

g = 0.5-[(51 +&,)+ \/(51 —&, )2 +7,) ] g = 0.5'|:(81 + 82)'\/(51 ~&, )2 +7,) }

g =00083=UD¢l, &, = f, -& =0.0009, f, = ¢, / & =—0.109.

&

*Stress Procedure Cuntze: Lamina task, solved by ply-by-ply failure analysis
Eff ™ =[(Effl)™ + (Eff 7)™ + (Eff +°)™ + (Eff +*)™ + (Eff 1)™] with the mode portions inserted,

Eff = [( (Gl +|_‘T1|) )m + ( ('0-1 +_|ir1|) )m +(Uz +l?z| )m _+_('O-z +_|CO-2|)m _ |Z'21| )m]%
2-R 2-R 2-R! 2-R’ R, +05 u, (-0, +|o,|)

— Eff =0.513 = material reserve factor f,. =1/ Eff =1.95.
*Principal Strain Procedure Cuntze: classical laminate task, solved by a laminate failure analysis; 7,, =0
Dueto ¢ =g, €, = ¢, forthe 2 failure determining stresses follows, y,, =0

0,=(S, "€ —Sy &) (Sy° =S, S,) and o, =(g,—S,, - 0,)/S,, which is to insert into

the FPF-criterion-based ‘Omni principal strain failure envelope' formula
(0, +|G |) m ('01+|61|) m O, +|G | m |02| m m
— + +(——)"+(0)" =1=100% .
me ) e (Cm )T+ (R0

(

With the chosen SFC the — Non-FPF area ¢(oqpe) Istoderive .

&y CuFpF

&
€ Eippr

foe = \/(8I,FPF2 +5||,FPF2) / \/(‘C"l2 +‘9||2) = & ppp /€ =106 .

On the strain beam  f it will be finally obtained
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Cuntze’s direct determination of the ‘Omni failure envelope’ enables to determine the reserve factor
straightforward instead of using the Non-FPF smaller internal circle in Fig./9-5, how it was usually
performed up to now, see [Cun 24].

However, there was a computational problem: Mathcad unfortunately delivers a principal failure
strain value ¢, outside of the Non-FPF area as result of its solution process. The other solution

seems to be received, if a shear strength is involved. This wrong point value can be localized on the
UD ‘butterfly wing’ edge in Fig 19-4 and this enabled to successfully use the symmetry of the
envelope as it is executed in Fig-19-5.

Now, Design Verification can be performed as described below:

fr = -E—III f£ = -0.109 UDel = 0.0083
()
Voupahe eIFPF =001 ol =100 o2:=10
[eIFPF = s11-01 + s21-0) |fe -eIFPF = s21-01 + 5220}
(0’1 + |1 )mint o (cr). + |o2| )mint o (—01 + |o| )mint " (—02 + |o2| )mint- )
2RIt 2Rt Ric L 2R o

Ag = Suchen(eIFPF . cl,02) €IFPF = A.€0 £IFPF = 0.01712

eIFPF

fe =-0.109 fRFe = - IME —207 l

This result of the Mathcad program leads to a value which belongs to another
solution brunch (see the figure). Using the plot's symmetry the real value can
be found after the replacement of fe by fer = 1/ fe

1 elIFPFr

E fer = 0214 fRFer = - IfRFEr —106 ]
< [fRFo = 195

Fig.19-6 Successful computation of fzr after utilizing the plot’s symmetry (code Mathcad 15). &, =UDg,

fer =

LL:
* The method is more or less a linear method.
* The investigation of various cross—sections t)y=constant proved, that t,,=0 delivers the smallest
Non-FPF area, thus making a simpler pre-design of arbitrary laminates possible
* Basic result:
The principal strain approach delivers the required smaller reserve factor compared to
the conventional ply-by-ply stress-based procedure. — The approach is ‘On the safe side’ !

Note, once again please:

Tsai’s ‘Omni principal strain envelope’ principally surrounds a Non-FPF or even a Non-LPF area.
*FPF is required if the design requirement asks to fulfill a First-Ply-Failure in the critical locations
of the plies of the laminate.
*LPF, if to apply, is required to fulfill a Last-Ply-Failure limit. However, this usually involves a
non-linear analysis up to the ultimate failure load of the structural part.
In order to cope with the reserve factor definition these shall be sketched again below:

Strength Design Allowable R

About 'linear' FPF: tress-defined f = > 1

Stress at j - Design Limit Load
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20  Note on Criticality of Fiber Micro-Fragments and Dusts of CFR-Plastic/CFR-Concrete

Matter of my heart:
Supporting the application of sustainable carbon concrete with low-risk PAN-CFs in Production and my
concern regarding Recycling.

Carbon Fibers (CFs) usually are produced using the precursors Polyacrylonitrile (PAN) and Pitch.
Problem and question: Machined Pitch CFs generated many toxic split-up fiber fragments. What
about the PAN-based CFs? They can be classified into the types: intermediate-modulus (IM), high-
modulus (HM) and ultrahigh-modulus (UHM), whereby UHM-CFs seem to show some and the
lower modulus Standard PAN no hazard. These facts ask for an investigation of the UHM-CF with
the objective to finally sort out that the use of the less ‘risky’ Standard PAN CF causes no threat.

Inhaled particles with its size, geometric shape and contaminants adhering to the surface are
relevant for a health effect. Of course, targeted workplace prescriptions always have to counteract the
occurrence of excessive stress on the lungs from inhaling too large amounts. Respirable bio-persistant
particles accumulate in the alveoli of the lungs. These so-called “WHO fibres' pierce the macrophages
in the lungs and can migrate into the abdomen and pleural tissues and cause cancer.

CF application in Construction

As structural engineer, who has founded and led two working groups in the carbon concrete sector
for 10 years: “It is my deep wish to use more fatigue-resistant [VDI2014] PAN-CF in the construction
industry in order to increase the life of bridges and to save concrete, a composite material, which has
a negative CO; footprint due to the necessary clinker (cement constituent) production.”

The next figure displays a CFRP application by a fiber grid (mat) as a slack reinforcement (no

pretension) of a bridge.

- £ ] T -

Fig.20-1: Bridge Wurschen, 2022: (left) Superstructure made exclusively of carbon concrete, shell
construction. (right) Textile FRP mats in the super-structure) (Foto: Stefan Groschel, IMB,TU Dresden)

Note: Full exploitation of the Carbon Fiber (CF) is only to achieve by pre-tensioning, which will
advantageously compress the usual low tensile strength of the matrices concrete and plastic. Just pre-

tensioning of plates is still series production.

Carbon Fiber Production

CF-properties strongly depend on the production process and above precursors which need different
conditions but the essential processes are similar. A CF requires a heating and stretching treatment to
get the high strength products. A thermoset treatment is first applied in the temperature range from
200 to 400 °C in air under stretching to get the stabilized fiber, followed by a carbonization process in
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the temperature range from 800 to 1500 °C in oxygen-free condition to remove impurities and to
improve the crystallinity of carbon. To further improve the performance of CFs, a graphitization
process is required to graphitize carbonized fibers with temperature up to 3000 °C. During these
processes, stretching is required to get preferred orientated carbon crystals, because the crystal
alignment makes the fiber incredibly strong and stiff. The graphitization process leads to differences
between PAN and Pitch and within the PAN-CFs. This will be later of interest.

The very expensive Pitch CF is mainly used in spacecraft and antennas. The market is dominated by
the PAN-CF. With regard to possible toxic fragments, PAN-CF (@ 7 um, usually) is therefore of
interest, especially the 'highly' graphitized UHM-PANCF such as Torayca's M60J, which comes next
to the Pitch-CF considering the tensile modulus (stiffness). CF tensile modulus and fracture
toughness naturally depend on the fabrication regarding precursor, on carbonization and
graphitization. Furthermore, Pitch-CFs are more layer-like in their crystal structure in contrast to the
more granular PAN-CF. This probably further explains the higher tensile modulus compared to the
PAN-CF. Knowing the different crystal structure is therefore important for explaining the splintering
process, originator of possible toxic fragments.

‘WHO-Fiber’ criticality

WHO criterion for respirable fibers: “WHO-Fiber‘ = tiny fragment of a filament with a diameter
@ of less than 3 um, a length L of greater than 5 um and a length-to-diameter ratio of L/@ > 3:1.

Naming Fiber: (1) Does not address a long CF, which of course never meets the WHO criterion. (2)
Asbestos fiber, for example, is just a fiber-like looking particle, which may break into above tiny
WHO-size fragments).

Too many dust-related particles, smaller than the WHO 'fiber' size, can also cause a hazard. A so-
called Particulate Matter of the pm-size PM2.5 can penetrate into the alveoli and ultrafine particles
with a diameter of less than 0.1 um (Corona virus size level) can even penetrate into the lung tissue.
Aerosol particles from the environment have diameters ranging from about 1 nanometer (nm) to
several 100 micrometers (um). Larger particles quickly sink to the ground, particles smaller than 10
um can remain in the air for days.

The figure below summarizes the topics faced when considering the criticality.
The macrophage lifespan of a few weeks is one of the decisive factors for the success of disposal or
'cleaning’. “WHO-fiber’-pierced macrophages usually die.

" 1
WHO-'Fiber
Toxicity
macrophage =
eating-up cell
Alveolar macrophages (beige) in
/ the lung tissue (red) ensure that
breathing is ensured despite attack
by influenza viruses.
blood cell = * ETH Zurich,
Copyright: Eye of Science
SlidePlayer.org 60pm —> 200 pm
from a graphic of Brandau-Pollak Verandert mit Erlaubnis von Krug H.F., Wick P. (2011). Nanotoxikologie - eine interdisziplinare
Herausforderung. Angew Chem, 123(6): 1294-1314. Copyright © 2016 John Wiley and Sons

Fig.20-2: Effect of WHO- ‘Fibers'
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A distinction must be made between long fibers, micro-fragments of fibers such as the “WHO-fiber'
size, as well as the micro-fragments of composite constituents, i.e. fiber-reinforced polymers FRP or
fiber-reinforced concrete FRC. In addition to the fiber, the matrix with the interphase material in the
fiber-matrix interface must be considered, too.

Criticality-relevant variables are geometry and bio-resistance:

Geometry: Critical are the already defined ‘WHO-'fiber', as well as dusts and fiber fragments with @
< 3um, which penetrate directly into the alveoli and the lung tissue. Since the ‘WHO-fiber’ size is
smaller than the diameter of common CFs, the fiber fragment must experience a reduction of the
diameter. This can happen by splintering or by burning. CF is not toxic per se!

Bio-persistance: High bio-persistance causes high toxicity, a low bio-solubility in living organisms
already speaks as an indication of possible carcinogenicity. Fragments with short residence times
that are quickly dissolved or removed are less risky.

Only if a sufficiently high amount of CF-“WHO-'fibers' is produced and inhaled there is a potential
for danger, whereby the following applies:

Risk = hazard potential (severity) * probability of occurrence.

Hazard potential = exposure to CF-WHO (size) particles combined with toxicity.
The duration of the exposure in terms of quantity and the possible frequency of occurrence of the
event per unit of time are therefore decisive.

Generation and Counting of WHO ’fibers’

A quantity for the risk assessment delivers the counting of the fragments which are generated in
machining processes. Question: Which machining processes seems to be the worst for the generation
of ‘WHO-fiber' shaped CF particles, faced in production and recycling?

{ o ,1 '”uA"'zS | ' SRR N ELRS.
Fig. 20-3:(left) PAN-based, (right) Pitch-based. ( Courtesy BAUA, Berlin)

Some answer is given in the BMBF research project CarboBreak (headed by BAuA: the Federal
Institute for Occupational Safety and Health conducts research for a safe, healthy and humane
working environment): Investigation of the release behaviour of respirable fragments made of pure
fibres and fibre composites (consisting of CF, sizing, matrix etc.) under mechanical stress. Basically
here, rovings were subjected to an extreme mechanical stress in a so-called ball vibrating mill (an
assumed 'worst case' machining process), the resulting CF fragments were evaluated with regard to
their morphology and then the WHO 'fibers' counted, namely the “WHO-Fiber’ quantity / unit
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volume. The CF portion is considered to be the critical part of the full composite. One significant
finding was the different splintering process between PAN (left) and Pitch CF (right).

Fact & idea:

(1) Pitch fibers are obviously more dangerous because they do extremely splinter. Since the
UHM-CF comes closest to the pitch fiber in terms of stiffness of all PAN-CFs, the PAN-
UHM represents the more critical PAN CF in terms of risk of splintering.

(2) A CF-parameter is being sought that could be a parameter for explaining the fiber
splintering hazard and finding a characteristic.

The sought-after, splinter hazard-descriptive parameter could be the fracture toughness. This
property is likely to show some difference in relatively similarly stiff (Young's modulus) brittle
materials. The author lectured fracture mechanics, which he also had to apply at MAN. His
test proposal was a micro-fracture mechanics investigation of a laser-notched single fiber to
determine the different brittleness based on the fracture toughness values of Kj. to be measured. In
fracture mechanics, fracture toughness describes the resistance of a material to unstable crack
progression An ultra-high graphitized UHM PAN CF such as Torayca's M60J is to be basically
investigated, because it is to place narrowest to the behavior of the critical Pitch-Fiber.

Asssumption: Different fracture toughness values indicate different risk of splintering.
*The proposed test specimens, together with the difficult notching of a single CF by a laser
beam, have already been realized in Kaiserslautern by the institutes IVW with PZKL!
*The search for a fracture mechanics model that allows us to estimate the fracture toughness
of a CF is essential for the qualitative differentiation of the envisaged fibers. A formula
will provide a not realistic ‘exact’, but a quantified relationship which is fully sufficient.

The searched characteristic for the tensioned notched test specimen is the so-called critical stress
intensity factor (SIF) Kj, (= fracture toughness), at which unstable crack progression begins. Its

formula reads K, = Opaoture * /77 - 8y - Y » with the so-called geometry factor Y taking the fact into

account that the SIF value is theoretically independent of the dimensions of the test specimen only
for infinitely large plates. Therefore, the corresponding function Y must be sought for the intended
test specimen 'Notched Single Fiber'. This was made possible by the author-available Manual
"NASGRO Reference Manual Version 9.01 Final; December 2018. Fracture Mechanics and Fatigue
Crack Growth Analysis Sofiware".

The application of the full model requires several assumptions:

CF is a very brittle material

The crack instability, expressed by the formula, can be applied at the pm-level
(micromechanics) for these brittle materials!

The cross-section, cut by the laser beam, is just a circle section but can be transferred to the
elliptical shape of a typical crack

The 'model for a full cylinder' given as SC07 in the NASGRO document is applicable.
Experience has shown that the impact is small, the model can be used also in the pm range
The crack depth a is given by the laser notch depth.

Diameter D = @ = 0.007 mm, UHM 60J.

The applied stress Ggacture at the fiber ends = breaking tensile force F / area A

The cross-section cut by the laser beam can be transferred to the elliptical shape of a typical
SCO07 crack. The diftference in surface area is neglected because it is the same for all tested

YVVY VYV VYV VYV
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fibers. In the SC07 associated Table C15: For R/t =0, i.e. a solid cylinder with R = 0 (¢ = wall
thickness = R), approximately to be expected a/t = 0.3, gives ¢/t =0.35 and thus Y = 1.6.

A4 44D SCO07
NP
P suitable in the present application

e 4 =2 e[ @@=

2 D-(05-D-a)

a for a<05.D

7 N
VIV D

Table C15: CCO7 (one ¢crack) - SIF Correction Factors by BEM Analyds (FRANC3ID)

Fig. 20-4: Thumbnail crack in a solid cylinder. Surface crack case SC07
Manual NASGRO Reference Manual Version 9.01 Final; December 2018.
Fracture Mechanics and Fatigue Crack Growth Analysis Software

The author's great wish, driven as a GROWIAN wind turbine co-responsible (about 1980), in view of
future fear-spreading media about a wind turbine fractures with blades made of standard CFs, i.e. not
UHM-CFs:

Submission of an ‘official recommendation’ by the BAuA, together with Composites United

(CU), including adapted recycling safety requirements. on working with CFRP in general

and specially on PAN-CF carbon reinforced concrete.

LL:

** The test idea could be fully realized, which is a seldom experienced luck when testing.
Unfortunately there is no deeper research ongoing, which would give the basis for the realization
of the author’s wish.

. | /
Our dutune a/e,oec{af outl ’ Recyle

By 1 Kﬁvmr.pc

Read in Sikkim, about 2011 !

Personal Note on Oil consumption in CF-production and Carbon Concrete Recycling
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Concrete / crude oil =1, GF / CF = 100. Car consumes about 1 t oil / year, heating about 2 t oil / year

Fig.20-5 shall give a survey about the portions of the structural materials in the market, dated 2016.
It shows how insignificant the carbon fiber content presently is in relation to its origin oil and to the
material competitor steel. A yearly CF output of 50000 t equals 4 min steel production (2018). The
yearly concrete production equals oil production. This is of basic interest and helpful for many
discussions. CF is not yet a real market in construction, basically due to the present regulations of the
authorities which does not permit a faster gain of knowledge which is always the result of widespread
application, only. Of course, if the concrete mass saving Carbon Concrete market will become
significant (presently about 100.000 t / year), then CF-production has to be multiplied.

In the context of this chapter’s focus and considering recycling: (1)Why is this marginal crude oil

consumption very often considered to be very harmful to the environment. (2) Why must Carbon
Concrete be recycled by separating the CF and thereby downgrading it to rCF! The author does not
consider it reasonable for ecological and economic reasons to extract CF — as required by the current
regulations — from shredded carbon concrete parts instead of bringing the recycled CF material parts
together with the multifold concrete content into the superstructure of a bridge or street. For safety
reasons one can provide measurements of the traffic-generated abraded dust if no further cover is
foreseen and the official recommendation above is not yet available.
If basalt fibers BsF will reach a general approval from sustainability reasons they would be much
better ecologically and economically due to the fact that enough base material is available. Added
Zr0O, is foreseen to provide alkali resistance. Unfortunately, the available reliable property knowledge
is not made public. Of course, the production of carbon fibers still requires energy. However, this will
also be the case if carbon fibers are produced from natural fibers in the future.

Graphic source: S~ g2
Mutel, JEC J tJ '

GROUP

> x500 ! by weight

> x50 by revenues
" Auminum | Ag i CFRP: 100kT |
| 57,770 KT (2016) | | CF: 64 KT (2016) !
- 7~ A

! Glass Fibre
/ 4,700 kT
Plastics / i
. 299,000 kT ! Titanium |
192 kT

Fig.20-5: Weight ratios of structural materials, year 2016

Please keep in mind:
40000 tons carbon fibers would require just about 40 /4,000,000 = 0.001 % crude oil.

CF total / Steel = 1/10000.
In Germany it is CF total / concrete reinforcing steel = 0.1%.
Concrete / crude oil =1, GF/CF =100.

Single car consumes about / ¢ oil / year.
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21 A novel Determination of the Residual Strength Rres, non-cracked, Fatigue Phase 2
Aim: Derivation of a procedure to determine and rendering the residual strength value Rres

21.1 General for a Proof of Structural Integrity in Projects

Residual strength Rres is the fracture stress after pre-damage and re-loading. Not only in
mechanical engineering design but also in civil engineering residual strength values are required such
as in soil mechanics or for UD-hangers of a railway bridge at Stuttgart, below a hanger or for tension

rods of cranes.

Fig.21-2 Stuttgart Stadtbahn bridge.

World's first network arch railway bridge
(127 m) that hangs entirely on tension
elements made of carbon fiber-reinforced
plastic (CFRP). The 72 hangers are
produced by Carbo-Link AG

The value is of basic interest, because — due to authority demands - Design Ultimate Load is to
sustain even after a distinct fatigue life. The residual strength task is one task to demonstrate
structural integrity.

This subject is linked to cyclically micro-damaged structural components (Phase 2 of fatigue life,
strength tools applied) and macro-damaged ones (Phase 3 of fatigue life, fracture mechanics
problem, damage tolerance mechanics tools applied), as displayed in Fig.21-2. The cyclic loading
may range from constant amplitude-loading up to spectrum-loading and has to capture proportional
and non-proportional loading scenarios.

Inspection of Damage

Microdamage-linked A Macrodamage-linked
fatigue mechanisms —| Assessment of Damage State }— crack, delamination
Phase 2 Phase 3
L4 v
Static Strength | , Residual Strength Demonstration —p{Damage Tolerance
Evaluation Eimlintion

Fig.21-2: Ways of residual strength determination

This task especially comes up in cases such as: A multiple site damage phenomenon is faced with
aerospace components such as fabrication-induced flaw clouds (fatigue strength problem, Ariane 5
Booster wall) or real short-crack ‘clouds’ from e.g. multiple rivet holes in stringer-stiffened panels of
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aging aircraft components (fracture mechanics problem). Here, the focus is on the Phase 2 residual
strength Rres. Mind: R, should not be confused with residual stress o g ).

In some projects a number for the residual strength at a certain operation cycle value is required.
This is well known from impact cases of laminated panels. There, a Compression-After-Impact (CAI)
test is to execute after the impact event because the impact may result in a barely visible external
damage and it may generate a dramatic reduction of compressive strength due to separation of layers
resulting in a large bending stiffness loss. Regarding crack-linked fatigue life Phase 3 residual
strength problems the reader is referred to fracture mechanics.

Residual strength tests are long-lasting and expensive. Therefore, procedures are searched that help to
reduce the test effort if enough physical knowledge is available.

First step is to map the relevant SN-curve (Wohlerkurve) by taking the widely used 4-parameter
Weibull function

stress ratio R =0 / 05 = constant: o, (R,N) =cl+(c2—-cl)/exp(log N / 03)C4.

(stress ratio — straight letter R, strength— bias letter R).

An SN-curve describes the relation between the cyclic loading and the number of cycles to failure M.
On the horizontal axis in Fig.2/-3 the number of cycles to failure is given on logarithmic scale. On
the vertical axis (either linear or logarithmic) the stress amplitude Gampiide Of the cycle is often given.
In the case of brittle materials sometimes the maximum stress ... The provided mean SN-curves, R
= constant, base on the fatigue test measurement types ‘pearl-chain testing’ or ‘horizontal load level

testing’. Fatigue curves are given for un-notched test specimens (K; = 1) and for notched ones, the
loading can be uniaxial or multi-axial. Considering residual strengths, measurements on the vertical
axis at n = constant are required.

In design verification very often as fractile (quantile) numbers, representing the failure probability
pr, 5% or 10% are taken in order to capture some uncertainty compared to the average of 50%. For
the loading side the design FoS j, in construction y, capture the uncertainty of the loading. The
residual strength design verification has to meet Design Ultimate Load. Following HSB 62200-01 the
determination of the static residual strength for single load paths must be made with statistically
significant A-values; for possible multiple load path structural parts B-values may be used.

Moving to the required statistical properties some notions are to depict. Capturing the uncertainty of
the resistance quantities, the following is performed: Denoting P the survival probability and C the
confidence level applied, when estimating a basic population value from test samples, partly enriched
by some knowledge of the basic population. Regarding C a one-sided tolerance level it reads:

Static — Statistical reduction of average strength from (P=50%, C=50%) to e.g. (B-value: P =
90%, C =95%).
Cyclic— Statistical reduction of average SN curve from (P=50%, C= 50%) to e.g. (P=90%, C=
50%).
All this is executed to keep a generally accepted survival reliability of about R =1—p¢ >1-107.

21.2 Classical way to determine Rres
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Determination via the interpretation “The course of the residual strength is the difference of the

static strength and the maximum strength Oy (N) of an SN curve R”, see Fig.21-3. This leads to the

formulation Re =0, (N) + [R =0 (N)]- p(n) with p(n) =1- (WN)" =1-DP,

where the exponent p describes the decay of the residual strength capacity and D the micro-damage
quantity, (see Hahne C: Zur Festigkeitsbewertung von Strukturbauteilen aus Kohlenstofffaser-Kunststoff-Verbunden
unter PKW-Betriebslasten. Shaker Verlag, Dissertation 2015, TU-Darmstadt).

Fig.21-3 depicts for R = 0.1 the mean (average) 50% SN-curve and the 90% SN-curve. The
residual strength curve Rres is given for the point (10° cycles, 6 = 34 MPa). The stress ¢ belongs to a
so-called ‘one stage test’ or constant amplitude test. Regarding the residual strength value at the 90%
SN-curve the question arises: “Where does the necessary statistical basis for a reduced SN-curve
come from, if not sufficient test series on vertical and horizontal levels were run”?

Due to missing test data a test data-based work case cannot be presented. Therefore, the author tried
to figure out a procedure which gives an understanding of the subject.

&
100
INPa _
— Rl't"’?
R: SC‘R’>' 1 R i O -
il T
1~ N(50%)
60) S
‘1‘.
N(©90%) ™o
40 oot \
20}
‘
- : & A - '
1 10 100 1x10° 1x10* 1x10° 1x10° ix10' n,N

Fig.21-3, Schematic example, uniaxial loading: R= 0.1. R, is mean tensile residual strength

21.3 Idea Cuntze, probabilistic way to determine a 90% value by the convolution integral

A possibility to determine a 90%-value is given by the application of the so-called convolution
integral, using density distributions of R and of N with just a little hope to find the distribution
measured, Fig.21-3. The output of the mathematical expression convolution integral represents the
probability of failure pr The numerical analysis is based here on the assumption: ‘The density
distributions on x- (fy) and y-axis (fres) are approximately basic populations and of Normal
Distribution-type” fyp (for the density distributions also a logarithmic, a Weibull density function or

a truncated function could be employed). The convolution integral, solved by Mathcad 15, reads

1-p,)= R=py = j ( j fo.(R)-dR- f,(N) dN = 90% fractile for ND density distributions

—0 Rres

)*] forabscissa N and ordinate R" .

with o (X) = X“#
o

;.exp [_1(
oc-\N2-m 2

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 187



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Data base of the numerical probabilistic example (statistical: p = mean, o = standard deviation) is:
* Static strength distribution p = 80 MPa, 6 = 3.2 MPa
* R, distribution in computation point, y-axis, p = 43.5 MPa, 6 =2.9 MPa
* Cycle distribution in computation point, x-axis, u = 3431 cycles, 6 =446 cycles and the
Coordinates of the chosen computation point * (38 MPa, n = 2000 cycles in Fig.21-4).

(Note, please: The presented application outlines a limit of the Mathcad 15 code application. Mathcad has

(Note, please: The presented application outlines a limit of the Mathcad 15 code application. Mathcad has no
computation problem with the computation of the required so-called convolution integral. However, when
visualizing the probability hill in Fig.21-5, it was only partly able to manage the ‘big data’ problem and runs
into endless loops. Therefore the author had to sort out a work case with reduced stress and cycle regimes.
The original SN data set was for fiber fracture (FF) of CFRP considering the hanger. This reduction to a
relatively simple numerical example does not matter because the procedure is of interest and will explain the
posed task.)
C 4

1004

\EH‘“’--
S”’M;\‘\
604

Rl
il

>

1 10 100 1x10° 1x10* 1x10°
Fig.21-4, Simplified Mathcad calculable example: Assumed distributions of residual strength and cycles
linked to R, (38 MPa, 2000 cycles). SN-curve, R =0.1: c1= 20 MPa, c2= 80 MPa , ¢3=3.77, c4=2.92

Fig.21-4 depicts the SN-curve, the chosen computation point, static strength distribution with an
assumed residual strength distribution and cycle distribution, all through the computation point *. It
is a semi-logarithmic graph. As it is a brittle example material, the use of 6.y (involves R' as origin!)
as ordinate is of advantage for the ‘strength-oriented’ design engineer compared to using a stress
amplitude G, .

The probabilistic treatment delivers the ‘joint’ probability hill of both the distribution functions in
Fig.21-5, (right). The hill’s average center coordinates are 43.5 MPa, 3430 cycles. The figure further
depicts the density distributions of the residual strength R, (o) and of the fracture cycle N.
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Fig.21-5: (right) Cyclic distributions and assumed residual strength distribution with survival probability hill
applying the convolution integral. (left) Projection of lines of equal probability with two chosen
residual strength cut-offs , M is the hill designation

In the right part figure, the residual strength distribution is not clearly visible due to additional
Mathcad-drawn beams running out from the origin, which are to neglect. The task seems to be an
overloading of the Mathcad code which could not anymore handle the numerically effortful task for
too large cycle numbers. The left figure shows the projection of the probability hill with lines of
equal probability belonging to the chosen computation point *. Below, the computation parameter
input set is depicted:.

Design Safety considering the scatter of the design parameters is tackled as follows:

The scatter of loading is considered in the residual strength design verification because DUL with its
design safety factor j,; has to be verified. The scatter of the residual strength R and of the fracture

cycle N is captured by a joint probability calculation indicated below. This procedure is effortful,
however of high fidelity if test data is available.

Under above assumptions an estimation of a required 90%-linked residual (tensile) strength value can
be determined according to the formula below representing the probability hill volume truncated by
R

res

| = ) = = < = .)
uNR = 3431 ONR=446 uoR =435 ook =29 n=2000.6000 =080

X, = dnorm (n.uNR.GNR) Vo™ dnorm (¢.uoR .GoR) F(x.y) =xy Mn.c - F( "n'yc)' 750

=t (_Y'P"R ; =1 [ R )
. 1 2 ooR 1 2 oNR
pu, =  y— o| —-¢
ovR-\fz—'rr GNR-\f2—7r
ores 2500

Rt+oRt »5500

dxdy

The computation delivers for the point (o5 = Ryes = 38.0 MPa, 2000 cycles) the value pii=P = 95%
=R.

Setting the value 39.5 MPa, the demanded survival probability pi = 90% = (1- p;) is obtained for
RFES .

LL:

» The proposed procedure clearly shows how to statistically understand a residual strength value
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» It could be proven that the proposed model leads to an acceptable value for the residual strength
of fatigued, non-cracked structural parts.

21.4 Residual Strength R,.,, pre-cracked, Fatigue phase 3, Fracture Mechanics (for completion)

To estimate the residual strength of a pre-cracked structural part or the critical length of an initial
macro-crack is essential regarding the questions:

(1) Is the crack-length at the end of static loading critical?

(2) Is the crack-length at the end of cyclic loading critical for further static loading,
considering a SN-curve? Here, the certification of cracked components in aircraft
structures requires a damage tolerance assessment.

22 Full Mohr UD Envelope tni(cn), Derivation of @s,(on) and of Cohesive shear Strength
Aim: Unlocking the ‘mystery’ behind the shear quantities R,;,R55 and RZA3 faced in UD analysis.

22.1 Shear Strength Quantities in Analysis, Survey

Fig.22-1 collects all figures which are necessary to understand the difference of applied shear
quantities (upper part figure): Shear fracture stress (Tsai-Wu, Hashin) and so-called cohesive

strength R, (construction, rock mechanics) and the Action plane shear strength RZA3 (Puck).
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Fig. 22-1: (up) Difference of transversal shear fracture stress and cohesive strength.
(below) Mohr-Coulomb curve characteristics, Mohr shear curves z.; (o) with its special points and three
Mohr half-circles
The brown curve in Fig.22-1 is the Linear Mohr-Coulomb (M-C) curve. This approach is a simple

IFF2-extrapolation from the compressive strength point, keeping the fracture angle measure C =C{

constant, when estimating the so-called cohesive strength by R}, =7,° + 1-0,° at o, =0. The

letters p = ¢ address the so-called friction angle. The 3 sketches above the bottom figure demonstrate

T

that the cohesive strength point F_223 is located in the mode’s transition zone and cannot be reliably

estimated just by an IFF2-Extrapolation, employing just SF! The parallel acting normal fracture part
NF, namely IFF1, was neglected. But IFF1 usually causes much more failure danger than the
compression-linked shear mode IFF2 from the transition zone beginning on.

The analytical determination of the M-C failure curve and of a value for the cohesive strength
depends on the quality of the used IFF2-model and the interaction of both in the transition zone.
Therefore, in order to accurately determine t_(c ) both the modes are to include in the derivation

process of a realistic M-C curve, the determination of the fracture angle ®f,° and of the cohesive

strength Ry, at (VU & =0). An

improved treatment by a correction f.or of the M-C curve has been effortful executed by the author in
[Cun23Db]. This became necessary because any SFC has to be as simple as possible. Of course, this
means that all presently applied SFCs have a deficiency in the mode transition zones. The author has
compensated for this with a correction, for details of this elaboration see [Cun ]. The bottom figure
in Fig.22-1 displays, how the fracture angle increases, when approaching R! . Thereby the bold curve

represents the optimum corrected mapping of the M-C curve in the transition zone around o, = 0.
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Now the steps of the tedious way obtain Fig.22-1 shall be presenred.

22.2 Relations for a Transformation from a Test Fracture Curve o3 () to Mohr’s Ty (G7)
The general stress state {c} in the material point of the lamina has to be transformed around the 1-

axis to the arbitrary Mohr stress state {c&} = [T4(8)]-{c}, a fibre-parallel plane, by applying Fig.22-

1, wherein ¢: = cos 6, s = sin @ and n is normal to the ‘action plane’ [Cun22]. Values of the
parameters depend on the approach, whether it is a linear or a parabolic one.

o, | 1 0 0 0 0 0] o] Xn
|0, 0 ¢ s 2¢ 0 0o,
2 2 _ Xt
RN E OIEE SR N
Ty 0 0 O 0 C -S| 1y I
=7y | 0 0 0 0 +s ¢C |7y ' a2

Fig. 22-2: Visualization of the transformation of lamina stresses into associated Mohr stresses. 6 = G,
denotes the angle of the anti-clockwise transformation from the (1, 2, 3)-CoS to the (1, n, t)-CoS

According to

oM (@) =C -0, +8 -0, +2-5-C Ty, Th(0)=C-7,, +5-7,, T4(0)=—5-C-(0, —0,) +(C* —5%) -7,
the transformed stresses on(6), ot(6), tni(6), which Puck termed 'Action Plane' Stresses, Fig.22-1,
right, in the turned CoS depend on (o5, o3, T23) Only, whereas 1y, T IS linked to (t31, Tp1). They are

acting in the potentially physical (fracture) failure ‘plane’ and are decisive for fracture. In case of
normal stress- induced fracture (NF) o, will be responsible for fracture and in case of shear stress-

induced fracture tnt will be the fracture dominating Mohr stress. The Mohr stress z,; has no impact

but has to be considered in the derivations of the Eff-functions until it vanishes during the later
transformation process.

Fracture plane will become that ‘action plane” where the material stressing effort Eff(c(68)) will reach
the value 1 = 100% at (maximum) failure loading and by that, where the theoretical material reserve
factor fre Will become a minimum.

22.2 Accuracy Problem of the IFF2-model in the transition zone IFF2 (SF) - IFF1 (NF)

In this subchapter the cohesion strength R,;", activated by z,,; in the quasi-isotropic plane of the UD

material is envisaged. This quantity is located in the transition zone of the two modes IFF1 and IFF2.
With isotropic materials the author learned that a transformation from UD lamina stresses into the
desired Mohr stresses Ty, on must be also possible. Thereby a closer look at R»;" and at the Mohr
envelope Tn(c,) or M-C curve will be possible.

Here addressed is the quasi-isotropic UD plane (works similar to isotropic concrete materials,
using available multi-axially compression test-based data [Cun22]). The compromise is on the ‘safe
Reserve Factor side’. This means: The engineering approach of above Eff'" (SF) is not problematic
for Design Verification, because Eff = 1 delivers conservative RF-values in the transition zone, since
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the curve runs more internally due to the generally minimum value choice of the interaction exponent
m.

Focus here is the derivation of tn(con), @m(on) and Rys" from a well mapped measured fracture
curve o3(c,) and its course in the 2" quadrant of 63(c>). In Table 22-1 all relations necessary for the
transformation are compiled and formulas for the searched entities 7, on  @r,° are presented. After

transformation of the UD lamina (layer) stresses o,, o,, 7,, in the quasi-isotropic plane into the
principal stresses ™ (index®" means principal), the shear stress z,, vanishes. Therefore, with no loss
of generality 6™ can be simpler written in the further text, back again as plain letter o, but thinking
they might be principal stresses acting in the quasi-isotropic plane. In the addressed quasi-isotropic

plane this transformation of the lamina stresses into Mohr stresses practically works via addition
theorems and using C(O°) = Cos6” - sin©?% which might be termed ‘fracture angle measure’.

As the author still found with isotropic materials, the interaction considering magenta curve (thinly-
marked) in Fig.22-3 cannot accurately map the course of test data. The improved bold-marked curve
is physically more accurate and this local mapping shortcoming is to model more detailed as follows.
Fig 22-1 shows that with the IFF2-function the shear effort Eff** cannot become zero in the M-C
domain at 6, = 0. This numerical behavior is a shortcoming in the transition zone of the ‘simple’
engineering FMC-based IFF2 approach. An accurate alteration of the fracture angle ®¢,° and of the
associated Mohr stresses 1 o, iS not to achieve with the mathematical course of the given
‘engineering’ IFF2 function. The mapping quality of the given IFF2 is not fully sufficient if the
alteration of the fracture angle @, in the transition zone is to determine. This bi-axially stressed
transition zone between the normal fracture mode domain NF and the shear fracture mode domain SF
is ruled by interaction and therefore requires both the Eff-modes to be inserted into the interaction
equation Eff = 1. Specific points of the investigated M-C domain are:
(0,=R,%,0) > (0,,0,= 0,)=> (0,06,=R'). In order to sort out a better mapping
description it is essential to know how the pure mode efforts of the activated modes IFF1 and IFF2
change its influence along the o,-axis, which is depicted in Fig.22-2. Eff' firstly becomes zero at the
equi-biaxial tensile ‘strength’ point (R ltt R Ltt) <R lt. This zero point lies physically ‘too late’ for a
more accurate revised local mode description. An improvement is to achieve.

22.3 Improvement of the IFF2 Criterion in the Transition Zone

The required entities 7y , on , Of° and F% only become accurate if a physically necessary

correction of Eff *" is considered by using a correctively acting decay function ferr . In order to
implement feorr ONe just has to replace a , by feorr -a,, and b, by feorr -b,, . For a realistic

transformation of the test curve, formulated in lamina stresses into a Mohr stress formulation, it is
considered that Eff** (SF) physically must become zero when reaching the pure NF domain at the

point (o3 =R, 05 =0), (see the course in Fig.22-3):
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Fig.22.3: Course of the two efforts Eff *“, Eff ** composing the fracture stress curve Eff =1= 100%.
R® =104MPa, R' =35 MPa, ©,°=51°C® =-021¢> a,, =0.26, i, , =0.21.

foorr =1+C, - (RS +0,)? with ¢, from inserting (o, =0, o, =R")), ¢, = 8.910°.

IFFL: Eff " = [(0,+0,) + \/022 ~20,-0,+0,° 11 2R},

IFF2: Eff " = [a,, - foorr (0, +03) + b, - fcorr\/o'zz - 20,0, +0,°] IRC.

Similar to the isotropic case the bi-axial stress-ruled quasi-isotropic M-C curve, located in the quasi-
isotropic plane, is oppositely dominated by two modes, IFF2 (SF) with IFF1 (NF). Therefore,
attention was paid to the interaction of both these modes in the transition zone in order to finally
obtain an ‘accurate’ fracture angle Ox,°, being the pre-condition to determine the envisaged two Mohr
stresses Tnt, on. the shear material stressing effort Efff = Eff*" must physically become zero at the
tensile strength point (0, R"). This specific shortcoming is brought about by a correction function that
defines the decay of Eff* and is practically performed by setting Eff* = 0 at o, = 0. As decay

function was taken an exponential one, namely:

f, =1/ @+exp(2 "0y with ¢, c,, fixed at (-RS, 0.995) , (-0.01,+0.01).
C

2d

The correction changes the formula for the determination of the fracture angle measure C in Table
22-1.

Table 22-1: IFF2-IFF1-interacted Derivation of 7, (O-n)' R3;© from a measured curve 03" (0,)
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SF: Eff

[au'(lz) + bu‘\/K] /ﬁi =1

=la,, (6, +05,") + b, ‘\/(62pr —05")? +0%] /R =1 (lamina stresses)

=[a, (o, +0,) + bu~\/(o-n—o-t)2+4z'mz] /RS =1 (in Mohr stresses)
NF: Eff 17 = (0, +05™) +\(0," —05™)? +0°] /2R =1

= [0, +0,) + (0, ~0)? +47,°] I2-R' =1,
®, with C=cos(2-©,,°- 7 /180°).

Known: o,”, o,”. Searchedis: o,,

oo
Use of addition theorems, o, =0. For lamina stresses  now dropped for simplification
o,-0,=¢"-(0,-0,)-5"-(0,-0,)=C-(0,-0;), S=y1-C?
0,=0,-C-(0,-0,), C=c*-s"=2¢*-1=1-25%, 0, +0, =0, +0,,
1, =-05-S-(0,-0,)=-05-41-C? - (0, - 5,), 5, = (C+1)-05-0,+(1-C)-05-0,.
Differentiation of structural stresses-linked Mohr stresses delivers (minus due to implicit derivation)

d 2 _¢%)- - . . . .
T (s -¢)(0,~03) :%, valid uni - and bi - axial (like isotropic?).

do, -2-5-¢c-(0,—0,)
Fracture (interaction) equation = mathematical equation of the fracture body
Eff =[(Eff )" + (Eff¥)"]""  or computationally simpler
(Eff ") + (Eff )™ =1=100% total effort fracture curve
From differentiation of the interaction equation (o, goes away)
{[(6, +0,-C-(0,-03)) + \(0,~0,~C-(0,~0,))* +4r,2] [2-R}" +
+{[a,, (o, +0,-C-(0,—03)) +
+b,, \[(o, ~0,~C-(0, ~0,)) +47,°] IR}" = L.
are obtained the two equations
d[(Eff "*)™ + (Eff F)") do, =
m-{20, ~C-(0, ~0;) + \(C-(0, —0))* +4r,2 1/ 2R YR " +

+2a, -m- {a, (20, ~C (0, — ;) +b, |/(C - (0, — o))’ +47,*] IR YIRS,
d[(Eff "F)™ + (Eff 7)™ )dz,, =
2m-z, {20, ~C-(0, ~0,) + /(C-(0, —0,)) +4z, 1/ 2R} .
R -\(C (0, -0,) +4z,}
+4b  -m-{a, 20, -C-(0,-0,)) + bLL\/(C-(O'2 -0,)’ +4r, '] IR I"IRSC.
Equating above two equations and replacing Mohr stresses by ply stresses
via o, =(C+1)-0.5-0, +(1-C)-05-0,, 7, =-05-V1-C? - (5, - 5,)
yields an implicitely to solve equation for the fracture angle measure C
C(O-Z’O-S):_[ijLz'aji'B]/[i 2-A N 74-bu-z'm(C)
\/]F R/ R R' \/(-0'2 -0,)) RS \/(~0'2 -o,)
A= [0'2 +0;, +\/£02 -0,)° 1™, B= [au (0, +03) +Pu (o, —5,)? ]mt
2-R! RS
and finally via C =cos(2-@) - ©, = 05-arcosC, @, °=0 - 180°/ .

] with

By insertion of any stress state the associated 'running' C can be computed.

Cohesion strength R;, is determinable for 7' (c,) =0

nt
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Therewith, after effortful MathCad programming and implicit numerical computations the desired
accurate bi-axial fracture stress M-C-curve tnt (on) could be derived by the refined IFF2 model and

also the results formulated in ply stresses. The fracture angle becomes now the realistic 90° instead
71°.

C :_m‘[_it_'_z'au_'icorr'B]/[_ 2-A +4'_bj4'fcorr'B'Tnt],
1-C? R, R, R'\/(o, -0,) R, °y(o, —0,)
2
_ au-(02+03)+bu- (62_0-3) 1 . Sc 2
B corr — [ ﬁc : fcorr] " with fcorr :1+CO ' (RL +O—2) '
1
- 3 o,
50 i Rl‘ B f ] ]
[ 3 ! 90°
- - _..._I_ o | - l
Fs 0-3
| e
@ P 3
] MPa
’____,..»-*""-“ =
1 . —w.
Effcorr -l-—"""ﬁ,,__ —
/ﬁf‘f o R,".R,™)
/,’5’” Eff=1 i
i O-,.)
‘f . }'ﬂja . ;
- 110 - 100 —-90 -8 -70 —-60 -—-50 —-40 -30 -20 -10 10 20 30 40
RE transition zone between SF and NF R

Fig. 22-4: Interaction curve a3fra“”fe (o,) with Eff = 1Failure stress curve o,(c,) with alteration of
fracture angle ©x,° in the transition zone. (Numerical example stems from a measurement of the
fracture plane angle Or° in [VDI97, bi-axial failure stress R ltt ). Marking of R.3".

» IFF2-IFF1- interacted fracture curve (thin, original IFF2. With this ‘simple’ approach,

the curve cannot run through ﬁlt =35 MPa)

» |IFF2-IFF1- interacted fracture curve (bold, IFF2 decay function corrected, which better
maps the course of measured fracture stress data) and
» Course of the fracture plane angle ®;,° (bold, corrected)

22.4: Determination of Cohesive shear Strength 7-;°

The interaction curve can be dedicated to the basic Mohr-Coulomb curve which runs from the
compression strength point till the tensile strength point o = ﬁi. In order to find all relationships in

one diagram the Mobhr stresses are also inserted as functions of the lamina stresses o, (c3) and not of
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on alone, which is the usual diagram form. Fig.22-4 includes the development of the fracture plane
angle as function of the lamina stress o, = Fig.22-1 still presented all MathCad-computed Mohr
entities providing:
* Extrapolation from compressive strength point (IFF2-determined Mohr-Coulomb fracture curve)
- A straight Linear Mohr-Coulomb curve, considering o, (linear Mohr), Cohesive Strength

- A straight Linear Mohr-Coulomb curve, considering 6, and o3; Cohesive Strength |§2[3
* Full IFF2-1FF1-interacted Mohr-Coulomb fracture curve (bold, decay function- corrected)
* )
The definition of the cohesive (shear) strength is(rnfta = _273, o, =0). Searching I?ZTB(C), the
derived formulation permits to continuously MathCad-compute the alternating fracture plane

measure C with the associate fracture angle ®pr- The interpretation of the figures leads to the

following conclusions:

» The general macro-mechanical IFF2 approach cannot offer a full accuracy of the realistically
predicted Mohr-Coulomb curve. Just the physically-based decay function correction delivers
the desired fidelity

* A SFC in lamina stresses can be transferred into a Mohr-Coulomb version

» The course of the fracture plane angle ®5,° can be determined, too

« The idea of the FMC that IFF1 and IFF2 commonly add its Eff portions, which leads to the

result that ©x,° is in the sixty degrees ° at the cohesive strength point Rz,, with a degree value

being the higher the higher the strength ratio R® / R! is.

v |~

Failure stress under pure shear 712" = maxz,, <R, an approach-formalistic introduced

quantity

Mohr-based approach linked so-called cohesive strength R}, =7, (o, =0)

Puck’s Action plane shear resistance R2A3: Puck formulated a full IFF-SFC and could model-
associated dedicate his action plane resistance a relation with the inclination model parameters

p and the other strengths reading |§2A3=|:§L\\‘\/1+2'pi||'§i/§¢u _q/z.pi”. Above

guantities are not measurable ones

» Generally, assuming a transverse shear failure stress , which would be a sixth strength, will
contradict material symmetry demands, which seem to require for UD materials a ‘generic’
number of 5, meaning 5 measurable strengths and 5 elasticity properties

» The ability for mobilizing friction processes depends on active compression stresses that cause
via the friction value [ the necessary shear stress.

Analogous to the saying “ If something becomes a fact it is no science anymore”.
Here transferred: The three shear strength quantities should be no mystery anymore”.

On the history of the Mohr-Coulomb (M-C) curve = Mohr Envelope: Otto Mohr did not commit
himself to the intersection of the envelope with the o,-axis. A. Leon was probably the first to use an
envelope, taking a parabolic one.
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23 Replacing fictitious UD Model Parameters a, ,a,, by measurable Friction Values p

Aim: Engineers prefer measurable friction values instead of fictitious friction parameters.
23.1: Relation of Friction parameter a; to Fracture angle ©5° and Friction value x|

The measurement of a realistic fracture angle is practically not possible, just the determination of
the friction curve parameter a  (u,, ) by mapping the course of test data points is a practical

approach. Then, from the mapped test curve the relation of the curve parameter a,, to the friction

value 4, and to the fracture angle ® °can be derived according to the formulas in Table 23-1.
This is to perform in the compressive strength point R, ©, see also the chapter before.

Basic assumption is the brittle-fracture hypothesis which goes back to O. Mohr’s “The strength of a
material is determined by the Mohr stresses on the fracture plane”. This means for the Linear Mohr-
Coulomb (M-C) formulation 7 = F?é - U, -0y including the friction value x| being an intrinsic
property of the UD material.

Table 23-1: Determination of the friction curve parameter a  (x,,)
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IFF2: F =[a,, -(0,+03) + b, -\/(02 —0,)% +41,,°] /R® =1, in Mohr stresses, after inserting R,°

=la, (o,+0) + b, -\/(0'n -0,) +4r,”]1 IR =1 and a,, =b, | —1 is friction parameter
dF

dF

di'lii:au + bu'(o-n_Gt)/\/(o-n_at)z""l'rntzl T'ﬁj=4'bu'2'm/\/(Gn—O't)2+4Tm2
O, nt
b, -(c,—c) + (b, -1)- —-0,)* +4r 7
dr, __dF / dF =[= (0, =) + (b, =) \/(G” o)+ 4t 1, minus due to implicit derivation
do, do, dr, 4:-b -7,

Use of addition theorems (o, =0), gives the relationships ¢ =cos(®,°- 7 /180°)
o,—0,=C"(0,-0;)-5"-(0,-0,)=C-(0,-0;), S=v1-C?, C=cos(2-0©° 7/180°)
o,=0,-C-(0,-0,), C=¢*-s*=2c*-1=1-2¢*, o,+0,=0,+0, and

1, =-05-S(0,-0,)=—-05-V1-C% (0, -0,), o, =(C+1)-05-0, + (1-C)-0.5-5,.

Stress o, has no influence, as Mohr assumed! Failure responsible due to Mohr are just z,, with o, !

dr, _ _Cc_ b (o,-a) + (b, D (o, -0,) +4r,?
=- M, = g__[

do, 4-b, -7, 1=

b, -(C-0,) + (b, ~1)(C-0,)* +4-(-05-5-5,)?
4.b,, -(-05-5-0,)

b, -(C-0,) + (b, ~1)-{/(C-0,)? +4-(-05-0,)* - (1-C?)

-

]

C=- :C—C_° inserting strength R °©
[ 4.b -(-05-0,) ] fp g strength i,
S C.t = _[bu 'CfpC '('ﬁf) + (bu _1)'\/Cfp02 '('ﬁf)z +4'(_0-5'('§¢C))2 '(1_Cfpcz)]
' 4-b, -(-05(R.)
. 1 1 U C C,’ _
Resolving : b,, = = ,a,, = =— —=— —2 ~_ C_° (being a small value).
9° P CfpC +1 1-p, = 1-py, Hu S SfpC " ( ’ )
H C o o c 2'®Cfpo c
Assuming ©F °=51°: Example Cf, = cos( 180° -r)=-021, p, =021=-C,a, =026.

If IFF occurs in a parallel-to-fiber plane of the UD lamina, the components of the failure stress
vector are the normal Mohr stress o, and the two Mohr shear stresses o, and 1. The shear stress oy
and the normal stress oy will have no influence and this was proven in the derivation. Further, the

Mohr stress on;1 belongs to IFF3 and is not of interest, here.

The transformation of the IFF2 SFC in lamina stresses into Mohr stresses-based formulation works

via above addition theorems.

During this transformation procedure there are a lot of lessons to learn:

* The Linear Mohr-Coulomb model can be employed to obtain a sufficiently good relationship
for the determination of the friction value i in the compressive strength point o, = - RS

« Establishing the relationship a () it is assumed that the tangent of the FMC-curve has

the same value as that of the straight Linear Mohr envelope curve t,+(o;,) in the touch point
of Mohr’s circle, see Fiq.23-1

* oy is not relevant. The shear stress 7., can be assumed zero because it would anyway vanish
after a principal stress transformation. No reduction of generality is caused
* The stress g, has no influence! It is not representative such as Mohr supposes. Failure

responsible are z,¢ and oy only. But mind in the differentiation process: the Mohr stress o
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cannot be simply set zero at the beginning of the derivations, it must be considered due to its
relation to oy,

» Above derivation demonstrates that, if really desired, the fracture plane angle @fpc of an UD-
material could be also determined from an invariant-based SFC and not only from Mohr-
based formulations

* Viewing Fig.23-1, it is obvious that the cohesive strength I§§3 (Civil engineers take the letter c)

belongs to the transition zone of the normal fracture mode domain IFF1 and therefore not
alone to the shear fracture mode domain IFF2. Hence, one cannot simply extrapolate from the
compressive strength point.

05R o
Fig.23-1, Shear stressing situation: Shear fracture plane angle in the touch point and ‘linear’
Mohr-Coulomb friction curve. The touch point is defined by (5 ,z¢ ) and linked to R ©

23.2: Relation of Friction parameter a, to Friction value x|

The same procedure is analogously to perform for the mode IFF3, see Table 23-2.

Table 23-2: Relationships for the determination of friction curve parameter a, (u,)
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..
_ I3 2 3= ls . _ 2 2
F¢|| == +blH m=o=1 with 1, =20, 75 +2-0, 15 +4- 7,757, from

Ll Ll

l,=0,+0;, ly= 15 +15, I5= (o _03)'(73?1 _7221)' 47y Ty Ty,
The transfer to a Mohr-shaped SFC is directly possible, because the fracture plane is already
known  (parallel to the fibre direction) , via (7, 0,)=(ty, 0,), |tu|=Ry—u, -0,

4 2 2 2 ﬁ 3 (4 /ﬁ 4_q
3 2:0,°1 4 2-0,7T 1 \Ta Ry

* FMC: =2 va, - == g, S =] o, = — ( — )
Ry Ry Ry Ry 2.7 -a,

d d 2. R (IR, -1
S, simpler to perform is N ( 321 il )
Zn dz, Ry -ay T8y
. . — R, -7 d -1
* Simple linear Mohr: 7, =R, —4,,-0, — o, B Y, e R
Hy dz, Hy
In the strength point 7., = ﬁl” an equal slope exists, then equating delivers
2-7Ty ﬁiua '(Tgl / I$¢||4 _1) -1 My '(IZHA + 731)
= - 3 =—— = ay= 3 =ay =24y
Ry -by T2 08y My Ty oAy

A good guess for 4, and sufficient for application.

23.3: Evaluation of friction values y, ,, g, from test results

The determination of curve parameters a(u) and thereby also of u can be performed differently:

1. One strength value with one multi-axial failure stress point on the respective pure mode
curves, usually applying a linear Mohr friction envelope (sufficient, see Figs. 23-2 and -
3 below, it requires some fitting to optimally map the course)

2. A more sophisticated fitting optimization process of the test data course in the
respective pure domain (min error square) in ‘pure‘ failure mode domains

3. The so-called Tension/Compression-Torsion test machine delivered the test points in
Fig.23-2 left. If such a test rig is not available, then, one point on the pure mode Iff2-
curve plus one in the transition zone IFF2-1FF1, see Fig.23-3, become an approximation
basis, see Fig. 23-3 right

4. Foru,,, mn addition: Derivation from fracture angle measurements @Cfp°, see

experience in the associate figure in [VDI 97, p. 138], facing a pretty high scatter.

The formulas for the friction values read:

Linear Mohr envelope: 1, = (2'21” -Ry)/ o,™ from tension-compression/torsion test machine
[ ]

with tube test specimens, evaluating at least two curve points or if sufficient tests from curve fitting .
e From bi-axial compression test in order to compute the friction value from evaluating
#,, =(RS + o7/ o). However, the danger to buckle is to face
e If the test machine only allows a 4, | -test in the transition zone of the modes, Fig.23-3, then,

the estimation from strength point (c5",o,™) demands for a qualified stress interaction-mapping
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SFC. For the evaluation the interaction equation has to be employed, shown by the following
MathCad procedure below:

Mathead implicite caleulation: Forgabe w, =0.1 (estimation)

([(Gy+05) + f(o,—03 S+0]/ 2R )" +([(EL ) (o, +0y) +

1=,

* 3 Jos—c =407 /R =1= Eff =100% .
Ay
Search  Suchen (1, )
%
Tot i ) 33
i | o‘_‘ '_" 7 . & L =
o o, P

53

e - 1254
3 \il RS 1po 4 19 G,

by

kS

¥ %

k=

a

Oy 4
388
o 3888 /[ TNIFF2
Fig.23-2: Determination of the friction values 4, u,, (own results)
150 -1 fl o~ 150,08
® Testdon % e
— Failure envelope \ 100
- == straight line approach /
........................ | 23
.............. 2
................... o,
e 2% 200 1% 100 %0 0 0 [ 100 150
50
-100
MPa o, ® Testdata X
> —— Failure envelope A
-200 -150 -100 -50 0 S0 100
-200
£
Fig.23-3: ARCAN tests performed on distinct stress paths. UD prepreg [Pet15]
LL:

- Arrelationship of the measurable friction value and the fictitious friction parameter could be derived
- The application of the tension-compression-torsion test machine is recommended.
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24 Fracture Bodies of Normal Concrete, UHPC and Foam
Aim: Optical clarification of the multiaxial fracture stresses.

24.1 Isotropic Fracture Body

Used Stresses and Invariants

o
‘«']O oy The stress states m the
f‘_\___t various COS canbe
- = transferred into each other

Mohr's
COs

.. . Ty 7y Mohr's Fracture
Principal Stresses Structural (component) Stresses ~#
plane Stresses

_ T _ T _ T
{O-principal} - (GI 10,0 ) ! {O-struct} - (O-x ’O-y 107 ’Tyz 2% 'Txy) ' {O-Mohr} - (O-ﬂ 101101, Tt Ty 'Tn/I)

In the transformation of structural stresses into Mohr stresses the advantage of invariants fully comes

out: They do not depend on the coordinate system, one can simply switch between the systems.
Structural Stresses and Invariants, 3D and 2D:

I, =(o, +o, +o,) = f(0), 6J,=(0, -0,)* +(o, —0,,)* + (0, —0,)* = f(T) 'Mises invariant'
213y = (20, -0, —0y) (20, —0, —0})- (20, —0, —0}),
3.0,=0,+0,+0, =0,+0,+0,;, 9.1, =6J),=4-(¢,° +7,° +7,%), 7, = maxr(mathem.)
o,,0,,0, are principal stresses, o, > o, > o,, are mathematical stresses (> means more positive)

Mohr Stresses and Invariants, 3D and 2D

l,=(c, +0,+0,), 6J,=(c,-0,) +(0,~0,)" +(0, —0,)° +6'(Z'm2 +7.,° nLruz),isotropiCTnt -7,

Strength Failure Criteria (SFC), Eff-linked
At first the ‘basic’ formulations are displayed. Then, according to the ‘proportional (stressing)
concept’ the relationships Eff (F) are performed. And finally, how the two shear mode parameters

depend on another after having inserted R® into F" .
If mode-interaction occurs the SFC F is to be replaced by the associated Eff in order to enable the
interaction of modes in the mode transition zone. Mind: The cohesive strength is located in the

transition zone between the two modes.

Table 24-1 summarizes the Eff™* formulations for the usually as rotationally-symmetric assumed
fracture failure body, and further the realistic isotropic 120°-rotational symmetry relations.
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=
1" I 1-6J2
fa02 -+ FSF=Fr=c2— + o o
. Rc 2
FMF= Fez2 —————— = Effe= 2-Rec
2-Rt
|11 7 7
42— —+ 1 I ¢1-6J2 J11Pe? s 0201+ 11c2
Eﬁcr:—J CE'RCEﬁ' + 5 = 1 Effr= 3
2-Rt T 2.Rc™-Effr” 2-Re
due to homogeneous F
Insertion of the compressive strength delivers c? —Re + C1'2REJ =1
Re o

delivers a parameter -relation :
Monotonic stressing of all stresses

Interaction requires to go from F to Eff , linked due to the ‘proportional stressing concept'

2
for instance ¢’ - L /—CEff +c S /—(I;Esz =1.
R 2-R

Fig.24-0: Some basic relationships

Procedure how to determine the Fracture Body

(1) Fracture failure body is rotationally symmetric (like the Mises yield body)
* Shear Fracture SF, 1, <0

* Normal Fracture NF, I, >0 ©
2
ENF _po V4, ;I1§I/3+ 1, F¥ =F" =¢¥ -%+CEF ‘26%](:22

with o and 7 as failure driving stresses. Resistances R are average values (We model !).

Strength Failure Criterion (SFC), mode interaction exponent m, friction u
SF

e VAL W8 o e G-l (e ) v12.67 31, o
= PN = =&

B 2.R! R 2.R°

with ¢ =1+¢, ¢" =(1+3- 1)/ (1-3- ) from u = cos (2-65,°-71180 )

or from fitting of the test data course.
(2) Fracture failure body is 120°-rotationally symmetric = Reality !
In a chapter before we had to learn: Each isotropic material is "120° — rot. symmetric”,

which leads to the little more complicate Effs below

v 43, 0% - 1713+, o Eff.S -

¢ 1+ J(cF -1,)7 -0 +12.¢% 3],

Eff,"" =c
? 2-R' 2. R
Co -@% =1+c5", and above friction parameter C;"
I 2], -0 max |
Modelling of the cap is performed by the function Y, = —=*— =5 - )
J3-R R 3R

ForR® >>R' canbeset: O — @™ =31+d" - (+1), ¢ =0" =1.

@ as non-circularity function with d as non-circularity parameter , (d*° =dr)

O = {L+d¥ -sin(39) = §f1+d* -15-4/3-3,- 3,7, compr. angle -30° > ©F = 3+d¥ (1) .
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The tests are performed by adding an axial load, generating a stress o,x, upon a hydrostatic loading
Dhyd . The test data sets have been forwarded by Dr.-Ing. Silke Scheerer and Dr.-Ing. Kerstin Speck
(IfM, TU-Dresden, Prof. Dr. M. Curbach). From their provided raw data sets as sub-sets the meridian
data sets, the constant Lode angles for the envisaged meridians had to be extracted by the author. The
usual tests are run along the tensile meridian (TM) and the compressive meridian (CM). This
situation causes to apply the realistic isotropic 120°-rotationally-symmetric model in order to account
for the Lode angle 3.

Determination of the model parameters in the mode domain of F; : The measurement of @, — based
on the usually small-scale test level - is practically not possible. The determination of the curve
parameters ¢; by mapping the course of test data points is the better and practical procedure. Then, the
relationship of the curve parameter c; to the friction value x4 and to the fracture angle @ can be
derived. These relations are obtained in the touch point, pointed out in Fig.22-1.

I Visualization of 3D compression test data: Normal Concrete

In Fig. 24-1, left, the course of test data is mapped. As coordinates, the Lode-Haigh-Westergaard
coordinates are used which equally count in all directions of the 3D stress space (for understanding see
Fig.14-9). The tensile strength is used for normalization in the case of brittle materials.

The right part figure displays the fracture failure body, on which the 3 main meridians are depicted.
For the tensile meridian a Lode angle 3 = +30° is valid and for the compressive meridian $ = -30°.
The shear meridian was chosen by the author as neutral meridian with the Lode angle $ = 0. For
each mode, the SFC model parameters must be determined in each associated ‘pure’ failure mode
domain. In this context physics of slightly porous isotropic materials is to remember: *bi-axial tension
= weakest link failure behavior (R”<R’, which partly seems to be not accepted in civil engineering) and * bi-axial
compression = redundant (benign) failure behavior (R“>R").

(-R%,0,0) R%,0,0) &,
interaction + bi-axial Bl srssion point
<. domain t - tension
L MPa compressive
> A" meridian
-60 -|50--{40 -[30 -j20 -|10 0 0 Ojp
NF uni-axial
/] — tensile | compression
meridian ' ! streng_th
I,/ E point
- g
) | 5y
interaction
== domain
— uni-axial -
\ SE = strength . _—
+ L PR — s
At b LA (-R%0,00 N ==
/_|, 1 F 4 - biadsl I shear meridian
i-axia
gre -'5# compression strength point X
-_Rcc, —ﬁcc, 0) bi-axial strength I = NF SF
( ) . =R Eff = (Eff" )" + (Eff )" =1

bi-axial compression

Fig.24-1, Normal Concrete: mapping of 2D-test data in the Principal Stress Plane as the bias cross-section of
the fracture body. R= strength, t=tensile, c=compressive; bar over means average (mean) value. p = 0.2.
(test data, courtesy: IfM Dresden,)R*
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Table 24-2, Normal Concrete: Data set

FNF:Fa:CNF"\/4‘]2_I12_/3+Il ESF _ F7 = CSF'6‘J2'®SF
2-R' © 2.R%
Normalizing here with R'and R°. Dent too small to be practically of interest — cNF =1

I
+ Cz(,u)'ﬁ_lc:]-

3 remaining unknowns at least require 3 fix stress state failure points on the failure surface
loo)=(,, )t (-R%,0,0), (-R*,~R*0,0), (0\",0,",0), m= 2.,
with the values in MPa=N/mm*: R' =4, R® =44, R* =49, ¢ = -20, &,™ =56
Gy -OM=1+c, with ¢,= 1.07 as friction parameter (@ ,° =51°), ¢ =+-30°

cF =245, d%=039,0% = {1+d* -sin(39) — O™ =0.49, O™ =-0.49.
For the determination of the closing cap and the open bottom:
R™ = 3.6 — closing cap point max I, =3- R™, R® =1000 MPa (set for computation).
With Awaji-Sato the non measurable R™is estimated: R™ = R"' /3™ M =In(2)/ In(R" / R").
R" =0.9-R'(assumed) , s® =-0.57.

Fig.24-2 through 24-4 present a hoop cross—section (octahedral stress plane or so-called m-plane),
two axial cross-sections, the meridians of the failure body, and two views of the failure body.

compressive V272
meridian | ] Rt
30: 30°
Al /
- * == 4
(-R%,0.0)| / \/
g e /

Vil /A \ X N\

1

tensile meridian

Fig.24-2, Normal Concrete: Top view: Octahedral stress plane (zplane) exhibiting the constant Eff- lines on
the body (the blue line refers to 1, = 0). Right:  R“, ® R°.

One recognizes that with increasing negative /; the hoop shape becomes more and more circular.
In Fig.24-3 the modeling of cap, NF domain (marginal) and of the SF fracture domain is depicted.
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Fig.24-4 shows the three basic meridians and two strength points, compressive strength (dot) and bi-
axial compressive strength (cross).

Fig.24-5 informs about the test data scatter of the 3D fracture states experienced under hydrostatic
pressure when running test on the tensile meridian and on the compressive meridian (-30°), selection
of test data performed.

The Neutral Meridian is dashed.

I Oy.,,4 -2XiS
tensile meridian J:T‘_:'-:’ T hyd compressive meridian
= (R“', gttt R.'ttt]
NF N NF
(Rn_ R".l]]
0,R%0)f- 273
( ] hyperbola N2
/ A Rt-
1 V 11 0 /\E —
interaction in
V4 +— transition zone N
30° | R -30° _.(U..Rc.ﬂ]
Fi
/ | paraboloid\
SF ‘I‘-.‘Iilses.'—CyIfllnder SF
3

Fig. 24-3, axial cut: Visualization of the courses of the 2 mode mapping functions for NF and SF along the
meridian cross sections of the fracture body (180° cut of the120°-body) and after interaction

compressive strength point

tensile meridian
“-«.\,_\\

compressive
i meridian

biaxial compressive strength point

Fig.24-4: Two views of the 120°-rotationally-symmetric fracture body (hoop cross-section) of Normal Concrete
with the basic three meridians and the strength points [Cun17]

In Fig.24-6 the meridian failure curves are depicted and CM test points are inserted indicating where
the determination of the Mohr quantities 7,,, 0,,, @ has been performed. As coordinates, the Haigh-
Lode-Westergaard coordinates are used which equally count in all directions of the space.
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I

JB_“_Rt + Ghyd -axis

B

NF
1 ptt V212
(0.80) '_(:R RI%,0) -

-20

Fig.24-5: (left) Tensile meridian curve (TM) and associated test data ( x, 30°), (right) compressive meridian (-
30°) curve (CM) and test data on the respective hoop ring o (these circles o are located at different meridian
angles9), courtesy IfM Dresden. o= , fir =

Extrapolated guess of the CM-curve on basis of mapped TM test data and vice versa:

Just replace the Lode angle part for 30°, sin (33) = 1, by that for -30°, sin (33) = -1.

AN AN
™ CM
‘,/rM . mirrored \

—1 S
NM

|
[
o

+

"

Fig.24-6: Display of all basic meridians of Normal Concrete. The + are the points where the evaluation of
Tnt, On, O Was performed. p = pny. TM Tensile Meridian, CM Compressive Meridian, NM Normal Meridian.

(Mathcad unfortunately did not draw below -15, an often faced Mathcad problem)
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The above depicted basic three meridians are: Tensile Meridian TM (8 = +30°) inside, Neutral
Meridian NM (0°) and Compressive Meridian CM (3 = -30°), outside. Test points lie on the
respective meridian, determined by 3, which means on different distances from the axis for a specific

I, /4/3-R" . For Normal Concrete, Fig.24-6 significantly supports the existence of the 120°-

rotational symmetry of brittle (and ductile) isotropic materials.

I Visualization of 3D compression test data: UltraHighPerformanceConcrete (UHPC)

Fig.24-7, left depicts the separated and later intensively investigated TM and CM test data points.
Fig.24-7, right presents all 3D test points located at different Lode angles.

Iy Iy
S — F —
B3Rt J3 Rf .
| 2-J2 ] 2:J2
compressive meridian Rt Rf
test points
=4 +\ =5 -
5 3 3,
4 %5‘
4 @f
-10 x i 3 1 G ,
» o f&
* + J‘k‘: —‘;:J
+ e “‘;‘\C’- o,
-15 > -15 %‘z %
+ + 'ﬁt '*:#
tensile meridian ¥ %
test points +, + %%(x
=20 + -20 s
++ .
+g
=25 =23
5 10 15 20 5 10 15

Fig.24-7 UHPC: Compressive and tensile meridian points
UHPC, separated test points: (left) tensile meridian + (8 = +30°) and compressive meridian + (8 = -30°) ;
(right) all 3D test points are marked by o (hoop ring, (8 #,+, - 30°)), visualizing to be located at different
meridians

Fig.24-8 outlines modelling ideas for UHPC.

As could be still recognized for Normal Concrete, the failure body possesses inward dents for I} > 0
and outward dents for I; <0 in contrast to porous concrete stone, where it is also inward, see Fig.24-
9. These dents become smaller with increasing |1;|.
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I

tensile meridian: 30° j J3-Rt  compressive meridian: -30°
l [ [ l 272
tensile meridian test data compressive meridian test data T
|20 -|15 -|10 45 0 3 0 5 0 3
h {
) < \ shear fracture domain
- . 2 e NS " 3J,-0
g F = Cl " —_— +
> Rt-
/4 / ; | I,
= + =5t ‘ + c: '_R?T = 1
/ \ hydrostatic
o e 244 -.compression
domain
3J,-0
SF P4
| F =q- R +
calibration points to determine the curve parameters for It <0 £ I, 2
+ ¢ ? +cy f=
=1

Points: compressive strength B and point @ for assessment of size parameter ¢1  and friction or shape parameter ¢2
bi-axial fracture stress point X for assessment of non-circularity parameter
X0 ¢ for assessment of hydrostatic effect parameter ¢; , preliminary approach

Fig.24-8 Ultra-High-Performance-Concrete (UHPC):

[Test data: Dr. Speck, IfM, TU-Dresden]. From this general data set as sub-sets the meridian data sets
(constant Lode angles) have been extracted by the author

J4J, O —11/3+1
Eﬁ.\r = Ce.\T - = 2 v er 1

-

Compressive

denting Meridian
f th & SF 2 = SF
guifaece \,- Eﬁ””-c:'.I’? (c;,-I,):lZ-cle -3J,-0
2-Rf
. uni-axial e
compressive strength /_//
- point , — e
(-R°,0,0)

/Eﬁ’ =[(EF ) + EFFY]" =1=100%

-

= fracture surface definition
= equation of surface of 120°-symmetric

bi-axial
CO(:th)?SS'Ve strength non-circular fracture body
poi
(_ﬁcc’ _ﬁcc’O) Remind : R°=160MPa
L Ctaense= (1. O, op) = (=160, 0, 0)' — 100 %
shape
S becomes Cacone = (=230, -6, =6)" = 100 %
|4' circular

» The size of denting reduces with negatively increasing /,. Pest data: Dr. Speck. IfM, TU-Dresden]
» The cross-section becomes more and more circular. dia o A

Fig.24-9, UHPC: Fracture body showing decay of denting with a negative I,
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Fig.24-10 shows a graph bi-axial compressive strength over uniaxial compressive strength. It turns
out that with increasing uniaxial strength the bi-axial strength approximates the uniaxial strength.

The author tries to explain this: The effect of redundancy under hydrostatic loading can be interpreted
as an out-smoothing of stress concentrations. In the case of Normal Concrete this effect becomes
more chances according to being more roughly grained than UHPC. This explains why the bi-axial
strength capacity increase of a roughly grained Normal Concrete is higher than for UHPC.

Ea 55 RCC
12 4 + 200
10 4
Black Curve L 150
S -
6 - + 100
4 -
r 50
2 n I
.2, e, Y T R
0 r T T - 0
0 50 100 150 R® 200

Courtesy Dr. Speck/ Prof. Curbach, TU-Dresden

Fig.24-10: compressive strength capacity ratio of concrete R / R® (R =),
R® / R® (Normal Concrete) > R® /R® (UHPC)

In Fig.24-11 are depicted the 2 mode domains and its transition zone obtained with the interaction
formula. This task concentrated about performing an interaction in the principal plane I; > - 2R*“.

pure failure
curves \ G| 4
y i _
'Rtt, Rtt,g]
NF ] compressive
7 -"t meridian point
-
—[30 —-[P00 4 —[130 — 100 —[50 0 (;
Il
e NF
Wil
g =5t
+ 1 }’q-o
'H'+
o = ‘lUU
+ ] " ##
¥ + interacted failure
[ curve
+
b+t —
+ —54) | m (-RS0,0)
+ — .
+ £ SF compressive
- = meridian point
(0,-R*5,-R%) 41*++ hy & ¥ Be= -3%“
+ ++
tensile meridian + + + = =
. — =2 8] 7] an
point ge = 30° T +' G SF
G| =05~ gy

Fig.24-11, UHPC: Principal stress plane with measured test data and evaluated strength points
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3D-Visualization of 2D compression test data: Porous Foam Rohacell 71 IG

With the Rohacell Hero (Evonik) a PMI (Poly-Methacryl-Imide) structural foam of an increased
tensile fracture strain a light material is available which may replace the expensive honeycombs.
Given is ‘only’ a 2D-Test Data Set and therefore just a realistic mapping in the Principal Stress Plane
is possible data set used (thanks to Dr. Kolupaev for the test data set) reads:

R'=1.8; R" =1.25; R™ =1.0%; R® =1.65; R =1.4; R*® =1.53, max I, = 3.03;

minl, =-4.58, d"* =-0.71; d°F =0.21; ¢“F =1.03,s*" =-0.27; s™ =0.87,

9 =-057; §°F =0.52;0" =1.2; ®“F =1.07,m=2.5.

The Figs. 24-12 and 24-13 show the application of the respective SFC for Rohacell.

normal fracture TG" (R, 0,0)
2
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interaction .—-—-—A\ m=3.9
domaiu/ \

7 p B, T~

+ cap
(R™, R%,0)
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h
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| N\ Ao

12 -1.5 1! -0.5 a5 | 15 p

crushing

=
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(=]
h
7
+
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~iE
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1 + + interaction
” domain
S = £ 8 \
cc cc -
(-R™;-R*™.0) " (-R°,0,0) crushing fracture

Fig.24-12, Foam Rohacell 71 IG: Mapping of 2D-test data in the Principal Stress Plane.
MathCad plot [test data: courtesy V. Kolupaev, LBF Darmstadt]

* 120°-rotational symmetry is inherent for isotropic materials

* R® lies on the CM, R'on the TM and R in the transition zone between the two modes F” and F".
This indicates, that an estimation of R‘, obtained by just an extrapolation from R €, will be
questionable

* The failure body possesses inward dents for I, > 0 and outward dents for I; < 0 in contrast to
porous concrete stone, where it is also inward. These dents become smaller with increasing |I4].

* There is a pretty large scatter of the compressive strength data in the 2D-figure
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* Mapping of the course of test data with the SFCs worked very well
* Fracture body shows a decay of denting with increasing negative I,
* The higher the strength ratio SR = R*/R" becomes, the more the Cohesive Strength value narrows

R'1
* The strong influence of IFF1 is fully demonstrated.

An extrapolation from the compression strength - just applying F*- cannot be accurate !

* A smaller p value is more conservative.

I
3 Rz

(R®RY, 0)

272
Rz

compressive
tensile meridian

7/( R®,0,0
j')' = « Uy )

{-R®%,-R®, 0)

visualizafion of the
Lode-Haigh-
Westergaard coordinates

Fig.24-13, Rohacell 71 1G: Fracture body with its different meridians (left) and view from top (right
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25  Accurate Mohr-Coulomb Curve and Cohesive shear Strength R” of Isotropic materials

Aim: Enabling the correct understanding of the cohesive strength value as a bi-axial fracture quantity.

25.1 Accurate Mohr-Coulomb Curve and Cohesive shear Strength R*

As the author had to design with all the three basic material families isotropic, transversely-isotropic
and orthotropic for him a conflict comes up, if the used index-letters are not material-dedicated, not
self-explaining and not generally used in mechanics. This caused him as civil engineer to publish a
Glossar.

In order to not disturb the co-working engineering family in construction the fiber-reinforced
polymer matrix-linked terminology (world-wide applying the suffixes | ») should be also used with
fiber-reinforced mineral matrix-linked Carbon Concrete (another field of the author). The following

analogous letters will be intentionally proposed touse ¢ —R", 0, >0, .

As some researchers in construction still began, when investigating Mohr-Coulomb friction,
according to general mechanics they attribute usually positive marked compressive stresses a
negative sign. Hence, the positive direction is to display rightward, Fig. 25-1 (left). (Historically, civil
engineers basically were more faced by compression and mechanical engineers by tension. This explains the
different sign choice).

Fig.25-1 outlines the Mohr entities together with the transformation matrix for transforming
principal stresses into Mohr stresses.

c,] [1 0 0 0 0 0] (o
o, 0 ¢ s 2s¢c 0 O o,
o| |0 s ¢ -2sc 0 0] |oy,
[ |0 —sc sc (c2-s?) 0 O] | O
T, 0O 0 O 0 c -S 0
r,)] |0 0 O 0 s c | 0

With n =0, -0, and o,, 7,, 7,, =0, the used addition theorems read: 7, =7,
o,—0c, =c"n-s"-n=C-n, S=y1-C?*, C=c*-s*=2c° —1=1-2s?

o,+o, =0, +o, =1, o,=0,-C-np,
r, =-S-C-0, +S-C-0,, =—05-1-C*-n, ¢ =cos¢g, s=sing,
_(C+l)~0'" +(]-_C)'O-m

g, =Cz-0'II +32'G“| =

2
Fig. 25-1: Transformation of Principal Structural Stresses into Mohr Stresses and helpful Addition Theorems

Assumption of Otto Mohr

His basic assumption was: “The strength of a material is determined by the (Mohr) stresses on the
fracture plane”. This means for the linear Mohr-Coulomb (M-C) formulation z,, = R" - u-o . Herein,

the value u is the intrinsic friction value of the material and R® the so-called cohesion strength. The
other two shear stresses 7, 7 ,, Fig.25-1,right), are zero. The normal stress 6, must be accounted for

in the transformation process but will finally have no influence, which has to be proven when
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following Mohr and this must be proven. According to Mohr, the stresses ¢, and t, are the only

fracture-responsible stresses, the normal stress 0, can be set zero. Bild irgendwo

SFCs regarding the 120’ -rotational symmetry of the isotropic fracture body

FNF_\/4‘]2_|12/3+I1 FSFicSF.L_i_CSF_ 6-J, .OF
- 2-R' ’ % R° ' 2.R%

l,=(o, +o, +0,, ), 6J,=(0, -0, )? +(oy —oy )? +(oy -0, )?
213, = (20, -0, -0y, )(20, -0, -0y, ) (20, —0, =0} ),

l,=(o, +0,+0,), 6J,=(0,~0,) +(0,~0,) +(0,~0,) +6'(Tnt2 +7,,° +Tt22)

O% = 3+d% sin(39) = Y1+d¥ -15.43-3,-3,%°, 6,=0,-C-n, =0, —0.
According to Mohr the invariants reduce to: 1, = (o, +0,), 6J, =(0, —0,)* +0, +0,’ +6-7,°

27J, in Mohr stresses is not to be applied.

Note on the Mohr-Coulomb Criterion (also see § 26.1)

In a paper, recently published in Scientific Reports (2024) nature portfolio [Stress-dependent Mohr—
Coulomb shear strength parameters for intact rock [Li24 ], a critical assessment of the M-C criterion is
performed. This report shall be not scientifically reworked here. The summarizing private elaboration
at hand just tries to inform about the author’s procedure to derive an accurate Mohr-Coulomb
Envelope including Cohesive Strength. Basis of the procedure is the knowledge, that the M-C

Envelope, spanning from the Touch point (z,*,0,°) — (z, =R",0, = 0), is affected by the shear
failure mode together with the tensile failure mode and thus belonging to a transition zone, as a mode

interaction domain.

Solution Procedure when an improved M-C curve is to generate

Searched is an equation for the unknown fracture angle measure C(@fp)- This is performed by equating

the slopes in the so-called touch point: A first slope equation dz,;/ do,, is given by the derivation of
the Mohr-model (stress transformation of structural stresses to Mohr stresses) according to the angle of
inclination = slope angle in the Touch point, marked ™. Secondly, one has to find an equation for one
of the stresses 6, or o, . The differentiation of the SFC delivers this equation.

The accurate derivation of the Cohesive Strength R* and the M-C curve t,(s,) and further of the
fracture angle O requires to consider both the activated modes, according to Cuntze's model of the

two activated modes, because R’ lies in the transition zone of the two modes SF and NF.

Differentiation of the Mohr stress relationship generating one of the two required equations

The first equation used is that the tangent of the derived Mohr stress curve is identical to the
tangent of the SFC-linked Mohr envelope. An angle-differentiation in the Touch point delivers a
relationship for the friction value, as derived below:
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b 9, r 7 ) ) 3 b -]
9 onmd (ot + soill) m —25coll - ofll) : _rritm |9_(cs-coofl + 5-c-oill) = (c2 + 82)-ot - (—c? + 62) wit]
de de de Lde J
-+ s all-\-c2+sH)all -5 ¢ ¢
—Tnt= > ol m = — ¥ = g = =tanp=p
=£S-C-loll - T 2-C- 3
& fi-c
cotan(2-0fp) = M = E tan(p) = -cot?’ 24(-)cfr-l | p= -acot; }(—)cfr-l
sin(2-0fp) S \ 180 ) \ 180 )

Strength Failure Criteria considering the 120°-rotational Symmetry of isotropic materials

The generation of a realistic, decaying Mohr-Coulomb curve z,(o,) requires the determination of
the slope along the full curve, not a constant value C = C° in the touch point only, being sufficient for
the determination of the friction value . This means, instead of the single F> -formulation the SF-
NF-interaction managing Eff-formulation is to apply when moving from the structural stress
formulation to a Mohr stress-based one.

Table 25-1 shows the transformation of the Effs from principal stresses into Mohr stress-based ones.
Table 25-2 will later show the full procedure.

Table 25-1: Formulation of Mohr stress-based Effs. TM tensile meridian, CM compressive meridian

4), - 0N —12/3+1

Eff NF =cF \/ 2 > ﬁtl L for Normal Concrete can be set ¢c"F,@" =1,

EENFL 1 J4-1(0, ) +o2 +(-0,)* +6-7,21-1/6 (0, +0,) | 3+ (0, +0,)
2-R! '
CSF'I 2 12. SF-J .®SF .

Eff 5F = \/( Y +2 ﬁcQ@ 2 +;2 F_:cl with 0% —» O™ =1+d¥ - (-1),

Eif F _ Jeii (o, + o)+ 07 20, ~0) + 07 +(-0,)" +6-7,] A
2R° 2R°
with ¢ -@M=1+c, , @M =¥ =31+d* -sin(39) = 1-d*.

Fig.25-2 displays the 2™ quadrant of the bi-axial failure curve in structural stresses. This fully
represents the Mohr-Coulomb curve domain. The joint mode situation of the Mohr-Coulomb curve -
capturing the transition zone between the pure mode domains NF and SF - requires the application of

the interaction equation (Eff “")™ + (Eff *)™ =1and it spans over the regime 0 <o, <R' , the
transition zone of the modes, and covers Lode angles —30° < § < +30°.

Improved Mapping of Failure Stress data with Derivation of a more realistic Oy,°(8)

As still experienced with the UD-materials, in a chapter before, also here it is to face that a SFC is
‘just’ a practical approach and therefore cannot sufficiently well map all domain parts in detail.
However, when searching a local fracture angle ©5° in the transition zone a correction is to be
material-dependently applied to numerically determine a better value for ®° one is interested in.
In any case, the given SFC calculates a conservative Reserve Factor, the SFC is on the safe side and
Design-Verification as well: the Eff*" contribution to Eff is not a problem because the interaction is a
conservative procedure.
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Fig.25-2: Second quadrant and associated stress states, transition zone between the 2 mode domains SF, NF

A characteristic point of the transition zone between the tensile domain and the compressive domain
is when the first invariant becomes zero (see the bias grey line in Fig.25-2), meaning pure shear:

I, o, + o, + o, =0, for ¢, =0,,,° > G|t =2-0,,°.

Mathematically-caused, the Eff**-curve and the Eff""“—curve become positive in the pale colored

curve part and numerically contribute its effort portion to the total effort. This is physically not
accurate.

The Eff*"-curve outlines the local shortcoming of the FMC-based choice of the SF-formula.
Negative values of £/ are sorted out by a McCauley-procedure, but occurring small positive values
have to be made inactive in the low negative o, domain. Searching a procedure it is helpful to know

how the pure mode efforts of the activated modes NF and SF share its influence with oy Fig.25-3

shows the courses of the efforts £/ (= Eff °) and Eff*" (= Eff’*) representing the mode components
of a measured fracture stress curve. Physical demands are given at the cohesion strength point with

O°=90° for o, =R' and Eff' =0 foro, =0). The shear material stressing effort Eff* = Eff*" must

physically become zero at the tensile strength point (0, R'). According to the fact that the compression
strength point is located on the compressive meridian and the tensile strength point on the tensile
meridian the different Lode angle # is to consider in order to achieve an accurate approach

) t

R Oy oy i [ oy
o,
t Gy : ' oy
\ Eff
125 =
Eff"'r _r
l \/{: 1"
0.75 =
/ £
1/ \\ N4
0..' / N\ 0 \
023 S <= i
N ~ A Oy
0 o ——
.OI‘EJO -35 -30 =25 =20/ -15 l[‘ -10 -3 0
-R¢ R;’ EFSF f.{’ F

Fig.25-3: Visualisation of the course of the pure mode efforts Eff™® supporting the need to interact
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them in the case of bi-axial stress states to not exceed Eff =100 %. Eff"" , Eff*"
when investigating the Mohr-Coulomb envelope curve. This requires to consider the 120°-
rotationally-symmetric £f/"°.
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Table 25-2: Transformation of a 2D structural stresses-based failure curve into a Mohr-Coulomb one,
considering the 120°-rotational symmetry of isotropic materials

* Task: Known o, ,0,,; R', R%; searched o,, 7,, ©,°(C), C=cos(2-©,° 7/180%))
* Interaction equation, 2 modes are activated: (Eff "™ )™ + (Eff )™ =100%

\/4‘[(Un_01)2+012+0'n2+6'7 1/6—(c, +0,)" 13+ (o, +0')

Eff NF = S
Eff S ¢ (0, +0) \/(cSF (0, +0)) +2.¢F 0% [(c,—0,) +0° +0,° +6-77]
f, 2-R° 2.R°

* Solution of the task means Equalizing the 2 slopes at each stress state o, (o)
« Slope 1: Differentiation of the structural stresses-linked Mohr stresses delivers
drnt _ (Sz —Cz)'ﬂ _C —

C
do, - -2-5-C-1p s _,/1_02

« Slope 2: Differentiation of the interaction equation, abbreviation 7, =20, -C-n

, valid uni-axially and bi-axially , n = o, — o,

Eff ¥ = {\/4-[(0-77)2 t(o,-Cn)f+o’+6-771/6-7° /3+nm}/2-§‘, O -1

et = {o g, + (67 7 +2 08 O [Con) + (0, ~Con) +o, 607,71}/ 2R

Eff = (Eff "")™ + (Eff ") with  dEff /do, and dEff /dz,.
Equating the 2 equations and replacing Mohr stresses by structural stresses one obtains,
considering the implicit differentiation by a negative sign,
C dEeff /do,

=— , ahuge formula for determining the fracture angle measure C .
J1-C? dEff /dz,,

0¥ (9) = €/1+ d*F -sin(39) = %/1+ d%F .1.5-4/3-3,-3,%°  inserting
6J,= 2:(0," ~0, -0y +0,°), 213;= (-0, —0)- (20, —0,)- (20, —0y,).
The alternating C depends on the bi-axial fracture stress states o, " (o, ), achieved,
when inserting o, into the failure criterion Eff =1

o, =(C+1)-05-0, +(1-C)-05-5,, 7, =-0.5-41-C? - (5, — o)
a=(2J,-12)/3, b= (- 1, +d)/2R)",
c=4l,- (TP +cy -0%F), d=ci’ 1,2 +2¢) -OF -6J,.
Vorgabe C:=-0.1in Mathcad, inserting the running fracture points o, fr (0',,)

along the span between Touch point and Cohesive Strength point
provides a search equation for the fracture angle measure C(®,,°) and for o, 7,

c 05- \/_[(Rt b-c)/4]+R°- Jd - (mml R'-cSF -b- Ja
1-C? Tnt'[RC \/— (20 +\/_ C- 77)m—1+3\/_Rt SF ®SF-b]

C=C(o,.0," =c0s(2-0,), ®fp = 05-arcosC, ©,°=0, - 180°/ 7.

Extrapolated determination of Cohesive strength R" and Mohr-Coulomb Curve t,(c,,) from R°-point
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Table 25-2 summarizes the relations for the derivation of t,(c,) and @,° from a given fracture curve
ou(om). It is to consider the change of the fracture plane angle @g,° with the Lode angle ¢ from ®fp°

°at ~ =-30°on.

The biggest challenge is the necessary differentiation of the interaction equation Eff = 1 within
Mathcad. This further produces a giant formula output, that ‘generously’ can be cut down by using
addition theorems and by inserting the given structural stresses input via its invariants /;, J5, J;.

Generally, several variants of M-C envelopes are faced, see the following Zables 25-3 and -4:
Table 25-3: Extrapolation from the compressive strength point, considering the shear mode only
Methods which equalize the two slope angles just in the Touch point.

e R' by extrapolation from the compressive strength point, rotational symmetry fracture body

- o I:crn—l::rt}:+|:crt}:+|:crn}:+ﬁr1'n: 2::rr1+::rt_

Fr= -
2Rc” Re

B \/—3-\/—01-(02~RC-GI’1 ~Re? 4 c2-ot-Re + cl-ot? —cl-ot-on + cl-cnz)

o 3-cl y ni=-Re
on :=C ot :=—Cc-n, c1 =121 c2=0.21
3+ —c1{c2
Rt = —————
MWWV

* Touch point coordinates and friction value from a simple linear Mohr Approach

- Touch point coordinates: 7, = anp + o,u

180
5.=sin(efpc) ¢ =cos(\fpc) Ofpc=05-aces(Cc) BOfpc’ = —-Bfpc

™
2
anlp =c”-(-Re |’rﬂTp = —S-I:-(—Rn:]-|
- Friction value relationship:
™ o
FlinMohr= ———— = =Rt - p-on friction angle p
Rt — p-on
|j_ ™ _ LT d m .
— - 2 -
den BT — p-an (Rt - p-on) drnt R — pon
K-Tht
(R*r—|.w::rn}J d —p-Tn C  —p-tn
——m=-lr—=—TN= ———=—= —— = —|0
dern 1 dern Rr—p-on S nt
R1—p-an

Accurate determination of Cohesive strength R* and Mohr-Coulomb Curve t,(c,). 180°

In order to capture the 180°-symmetry requirement a 3-parameter approach is to employ. Its model
parameters are calculated in Fig.25-4.
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Table 25-4: Determination of SF-model parameters

The chosen 3-parameter approach requires minimally 3 fix points
~.

- i . R
The first point 1s the compressive strength point on the CM:  1c =-Rc , J2c = E,:,
a

.
The second point is the bi-axial compressive strength point on TM: [1cc = —2-Rec, J2cc = Ree
a
A third point is searched i the principal stress plane, ndex f.
Here, the meridian angle is unknown and to be determined :
Or=3 T+ dren(3),  sin(30)=153"2J3.27 1
@, is non-circularity function, ¢ isnon-circularity parameter
1 —-15 130
of = - asinl153°703f 02 2], sin(3ef) = 085 0F = of
a il
"I il
2-olf” - 2-alf-alif + 2-lif” 2-glf — =lif}-(2-5lif — olf}-[—lIf — =If
|1f:=cr|f+cr||f, 19F = o crﬁcr + 2.7 9J3f1=( o CI']": ':II'T| CI']'(—C" Cl']'
Vorgabe cl=2 dr=0 £2 =
3 J2c 3 11_ yI-Tar Me_ sint on C
Rc™
3
c1-3'J2CE- 1+ 1'EIT+|E:2-|1£= point on T
Re™ €
3-J2f 3T+ 1-dr-sin(36f 1
o1 W+ ,,TS””:J }+|::2—
Rc™ Re
At = Suchen(c1, dr, c2) .
(20073
' | cl = Aty dr = Aty cd = AT
Ar =| 0601 i
| | cl=730 dr =104 c?=1211
| 21.068 )

Another improvement point is that the shear material stressing effort Eff' = Eff*" must physically
become zero at the tensile strength point (0, R') the o~coordinate. This specific shortcoming cannot

be by-passed by an increased interaction exponent m. This is brought about by a correction function
that defines the decay of Eff* and is practically performed by setting Eff' =0 at o,= 0. As function

an exponential one was taken, namely

fy _1/(1+exp(Cld ”) with C,,, C,, fixed at (-R°, 0.995), (-0.01,+0.01).

2d

Final task is equalizing the two slope angles along the full domain, generated by the joint action of
the two modes and considering the degradation function fy.

Table 25-4: Determination of R*, 7, (o), considering both activated modes and degradation

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 221



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

\/4 (o, -0) +0’+0,°+6:7.°1/16—(0, +0,)° /3 +(0o, +J)

Eff \F = =
2-R
SF SF 2 2 2 2
EfFS° _ | ¢ (c7 +a) \/(c (o, +0)) +2:¢C -0 [(c, -0,) +0° +0,° +6-1, ]]
DC
fq 2-R
_ _ SF _ c _ CM _
with ¢} =c, ¢;" =c,, c, = 186, C,, = 404, @ = O° = @ =051,
R =
7,(0,) =
Tp=c'(Re) T (-Re)
- . . anTp = ¢ -[-Rc nTp = -5-c-(-Re —
Touch point Coordinates :
Envelope Curve . . . N . \ lII=0.qll=-Rc
l:2_::rn + oA+ ot ey fon — at)” + (ot — ox)” + ok —an)” + 6lrn” + il + 'rtl‘? -1 = (-Re)
Re 3R|:2
< |r.:rr|—crt= Cm= CC-(—RC}l
l:zl::rn+l.'.'l+::|1 . 01.(0—”_01}‘1—(01_0}‘*— (1U—crn}‘+ G(an+ﬂ}= .
Re Re” [on = ot = oll + olll= —Rd
n® c2-Rc-on - Re” + c2-ot-Re + c1-ot” — c1-ot-on + c1-on° |ot=~Cen + an=Ce(-Re) + a1
™m =
3-cl
Cohesive (shear) Strength Value : 0
Simple Mohr-Coulomb: on=0 Rtl=[mnTp+ p-(enTp) ot=-83 cl=30 c2=1211
. = Rrl=162
Linear M-C Extrapolation: ot = -%3 Rr -Re™ + c2-ot-Rc + c1-ot”
' 3-c1
. . 2 - i — 5 5 Rt =4
Simple attempt: 120" Rotational Symmetry: fro R+ c2ot-Re + c1-of
== 3.¢1 Rre=12

Fig.25-4 displays several M-C failure curves and the course of the altering fracture plane angle
©s,°. The angle changes from 51° up to 90°. left part presents the entities in a structural stresses
diagram and the right part in a Mohr stresses diagram. This involves the Linear Mohr-Coulomb
fracture curve and the real SF-NF interaction curve t,¢(c,). The 3 Mohr half-circles are incorporated.

Fig.25-5 presents model-dependent cohesive strength values R°, the interaction-based 1,(c,)-curve,

topped by the course of the increasing fracture angle, factored by 10. Datensatz Check + angle

PP 4o

MPa linRr = 162

20 "!’_‘_‘,;—'— —-‘I\H

interaction curve

b n1eal
10 between the 2
/ \ \ modes SF and NF.
= rot- symmetiic approach

= rmrassita half mirela tenzile B
-fc comprassive half cirels bl eiocle
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Fig.25-4: Joint display of the magenta failure curve in principal stresses (left) and in Mohr stresses (right).
Fracture angle increase @° , , scaled by twenty (left) and ten (right), is incorporated . 120°-rotational-
symmetric model and improved mapping of the measured failure curve due to fy
The Mohr half-circles are incorporated

Corrected data set:

Co - ®F=1+¢,” with ¢, as friction parameter = 3.70, ¢,,°" =5.88, d°F = 0.49,
®% =50.5°, C°=-0.192, friction value # =0.2.R° =40 MPa
For R7 =11 MPa, ©." =72°, o,=-32 MPa, o,,=3.3 MPa, 5= -25°.
Touch point data: 75 =19.6 MPa, o =-16.2 MPa.

LL from interpretation of the diagrams above leads to the following results:

v The interaction equation Eff - representing the surface of the fracture body in structural stresses - can
be transferred into Mohr stresses

v' It was possible to determine the alteration of the not linear M-C curve and of the fracture plane angle
O°

v' Complete failure danger is composed of portions Eff"" and Eff*", following the idea of the FMC that
NF and SF commonly add its Eff portions. This leads to the conclusion that the ©x° is
approximately 70° at the cohesive strength point, compared to ©5° = 51° at the Touch point,
representing the compressive strength point

v" An approach (for this sub-task too simple), just employing SF cannot give a fully accurate fracture
plane angle @,° and not a good Mohr-Coulomb curve

v’ For this fundamental task Eff*" had to be adjusted by a decay function fy according to two ‘physical
musts’.  The corrected Eff*—curve delivers the desired improvement of ®,° and lowers R from
12.5 — 11 MPa. With this correction, then the envisaged transformation was performed for Normal

Concrete.

Note, please:
Applying - instead of the present Modal SFC - a so-called Global SFC, which globally maps by one
single mathematical equation all test data and modes, the same bottleneck for the execution of this

specific task would be found, too!

In the context of the chapters 24 and 25, before going into further investigations on isotropic
concrete and later rock material this is a good place to guideline the physical thinking in the
following chapters by reminding of the author’s FMC-based failure mode thinking. This includes
the action confining pressure and the action bi-axial compressive stress.

And further: Designing hydraulic borehole fracturing Jaeger et al. are still writing in 2007 (cited
in [Youl5]) “Tensile strengths predicted by both the Coulomb criterion (onset-of cracking, solid

mechanics) and the Griffith criterion (cracked, fracture mechanics) are much higher than the
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measured magnitudes of almost all rocks, although the two criteria have clear physical
backgrounds”. This is unbelievable for the author : Each mode is dominated by one technical
strength R. And, it is known that the cohesive (shear) strength is the result of two acting modes,
namely SF with NF. This clearly leads to the conclusion : just a “ SF-based criterion cannot give

a prediction for the tensile strength R".”
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26 Mapping 3D Test Results of Concrete and Rocks obtained on the Meridians TM and CM

Aim: Provision of a test data evaluation formula for the test meridian, being a cross-section of a physically to
be defined fracture body surface.

26.1 General

Sufficient strength of tunnels and dam slopes are vital Design Verification requirements in geo-
engineering. In order to achieve this, the course of the measured fracture data on Tensile (TM) and
Compressive Meridian (CM) is to map. For this design task several SFC approaches are applied:

“Linear Mohr-Coulomb shear curve”

Shear stresses below the curve mean ‘No fracture’, or ‘Stress states’ below the 7"- curve are not
dangerous. In civil engineering this well-known simple SFC reads: 7"(o,,0,,) =0 -tang + C.

— values for cohesive shear strength ¢ and friction angle ¢(u) are required.
This is an extrapolation from the compressive strength point.

“Linear Mohr-Coulomb criterion in geo-mechanics”

In order to achieve Design Verification in several numerical Rock mechanics Codes the use of the
widely applied ‘Mohr-Coulomb (M-C) Criterion’ is recommended in order to map the course on that
meridian where the tests have been run, on TM or CM. The criterion below says that a stress below
the M-C curve is conservative.

o, = 05 -tan’ (®) + 2-c-tan (®), applying ® =7/ 4+ ¢/ 2
where ¢ = cohesive shear strength = R, ¢ = internal friction angle, and
o, = most negative principal stress — o, ,0; = most positive principal stress — o, ,
which are transferred due to the mathematical principal stress convention o, >o, >0, .
The final formulation reads: &, = o, -tan’ (®) +2-c-tan(d) .
However in application, a difficult to be answered question arises: Which parameters are to insert?
This concerns the fracture angle ¢ and the cohesive strength R’ .

— values for cohesive shear strength ¢ and friction angle are required.
This also is usually done as an extrapolation from the compressive strength point.

In Fig.26-1 the derivation of the associated input data set is provided. Concerning R" it is referred to a
previous chapter where the cohesive strength has been investigated.

“Cuntze’s FMC-based SFCs regarding the common acting of SF and NF”

The SFC model, spanning up the isotropic fracture body, is shown in Table 26-1, too.

As still described before, the first part of the SFC in Table 26-1 represents the shape change, the
second the friction effect, the third the volume change and ©®F the 120°-symmetry of isotropic
materials. Mapping the test data in the very high negative compression domain of UHPC could
require a fifth part, which may be dedicated to a further effect: discontinuous densification including
at first a failure body hoop reduction and later widening.
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Fig.26-1, example Normal Concrete: (left) Derivation of a data set for the M-C criterion. (right) Model
dependent cohesive strength values (from Normal Concrete)
The SFC contains five un-known parameters. For their determination, mathematically at minimum,
five reliable test points on the surface of the fracture body are to provide by tests along the TM and
CM. Better fitting procedures could be applied, of course.
Good Mapping requires to capture physics and to apply SFCs being as simple as possible.

Cuntze’s approach includes a multifold mapping task, which can be a compromise, only:

(1) Mapping the 2D test data in the principal stress plane, considering here the friction effect.
(2) Mapping the 3D test data along tensile test meridian (TM) and compressive test meridian

(CM) along these two axial (180°-opposite) cross-sections of the fracture body with
™ (o,,0, =0y,) > 0,(20),) and CM (0|, = 0,,,0,) = 20,(0},).

All subfigures, principal stress plane and meridian cross-sections must be able to be derived from the
well mapped fracture body and this with sufficient precision.

— cohesive shear strength ¢ =R" and friction angle ¢ are not required.
Points on the fracture body surface are used to fix the model parameters.

Reminder: All isotropic materials possess a more or less significant 120°-rotational symmetry of the
fracture body most often depicted in Haigh-Lode-Westergaard coordinates, see Fig.26-2. Thereby, the
well-known invariant J3 is an excellent function to map this type of rotational symmetry (caused by
R® = R® or R" < R") and to determine the Lode angle &. Well-known is that the tests are run on the
CM and on the TM, meaning that data sets are given for CM with $ = -30° and for TM with 3 = 30°.

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 226



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

For the chosen Model, depicted in Table 26-1, the tricky procedure how to obtain the required model
parameters c¢; is shown in Zable 26-2 by three steps. For the cohesive strength, required by the
extrapolation approaches, numerical values are determined in the third step. Different models deliver
different values improved models deliver a lower value, because these consider both damaging
modes SF and NF.

Table 26-1; UHPC-SFC model

shape change friction volume change

.0% | LY LY
l,<0: F¥ =F" = —2 4 CZSF(;1)~|$—1C ++cs-(F_{—lcj +C4-(_—lj = 1

Above SFC is here normalized by the compressive strength R°. J, isthe 'Mises' invariant.
l,=(o, +o, +0,) =f(o), 6J),=(0,-0,) +(c, -0, ) +(o, —0,) = f(7)
27), = (20, -0, -0, )- (20, -0, -0 ):(20,, —0O, — 0} ),
3.0,,=0,+0,+0, ; 91, =6),=4-(7,°+7,°+1,%), r, = maxz(mathem.)
o,,0,,0,are principal stresses, o, > o, > o,, are mathematical stresses (> more positive )
with I, =(o, +o, +0y,) ,6:J,=(0, —0,) +(0, —0,)° + (0}, —07,)°
Consideration: 120°-rotational symmetry of isotropic materials: d* = d. later
O (3,,3,) = L+d¥ -sin(39) = Y1+d¥ -1.5.43- 7,3,
with the non-circularity function ® including d* as non-circularity parameter.

Compr. Meridian: ©% =3/1-d*, Tensile Meridian: ®* =3/1+d*, Neutral Meridian: ©% =1.

3 R!
| 212
compressive meridian R!
NSt paiive Fig.26-2, example UHPC:
5 *a\ g _ Y
Compressive + and
# . - .
CM tensile meridian +test points.
+
10 ‘\ "
+ *+ Intentionally depicted on the positive abscissa
™ + + to outlne the difference stemming from the
= - + brittle isotropic material’s inherent 120°-
i + 4 rotational symmetry of the onset-of-fracture
tensile meridian ¥ failure body
test points + 4
-20 +
2 72
=25
5 10 15 20
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Table 26- 2, example Normal Concrete: Procedure to obtain model parameters. Material properties in § 24

1 Relationship of friction parameter and value considering the simple Two Parameter Model

I 6' \] '®SF _RC¢ . DCc2 . (»F
F=c, ﬁ—lc +Cio, ZZT =1 <« insertion of the compression point ¢, ﬁ—F\l +Co, % =1

(¢, =C,, because the friction parameter does not depend on 120°-rotational symmetry)

l+c, . . . .
= Co = —g2 with non-circularity function @ =3/1—d, (if rotationally-symmetric, d, =0, % =1),

@CM

Estimation of ¢, also by a guess of friction value i from C, ~ (3u + 1+ 1°) I(-3u + 1+ 1°) .

Estimation of C, possible by a guess of friction value x4 from C, = (3u+ «/1+ W) I(Bu+ 1+ 1),
2 Combined Determination of non-circularity parameter d., c, and c,_(Mathcad Coding)

If no test value available, this requires an estimate for R* (lies on the Tensile Meridian).

alf =-113 olllf = -73 Fc=43 PRec=40

Vorgabe gy =5 dr=06 =4
COMprassion itrenqth point Bc on CM paint (Rec. -Rec) on TM
32cf1 - dr Ilc 3
il St 1 = 321+ d Il
claTr 3 +c2 o 1 16T illec T . c.l-ﬁ =1
Re Rcl Re

Insertion of a far 30 point on TM
2+ 1 _[[cr]f _ o) + (ol — cr[fﬂ-?h +dr(D) |, olf + 20M0F
a

Y1+ dr (D) R Re

AT = Buchen(cl@T dr.c) 12462
| 0633 | = = 2=
AT = 0633 &= ATy dr=Ar @ =Ar,
L 702 | clOT = 1246 dr = 0.633 =79
-1@2-1 o= L
Cc= ——— =
S T R | £ Cc=-026 b= 021

3 Estimation of the Cohesive Strength for application of the Mohr-Coulomb Criterion

2 . Cc + 1 < 1 Cc
touch point coordinates: °7IF = ¢ (R} malp = —s-e(Re) S T SN E R
aonlp=-16 Tnlp=121

Simple Mohr-Coulomb:  finRr = [mnTp + p-(onTp)] C = Cc = constant along the M-C curve [linRr = 174
Linear M-C Extrapolation: Rt 4 lotRe + clot at=Lo(Ro
cl=c2+1 B ey cl@T =125 Ce=-026 T

Andere daten, passen nicht zusammen
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26.2 Ultra-High-Performance-Concrete UHPC (relatively dense)

UHPC principally behaves similarly to Normal Concrete unless the normalized hydrostatic
compression does not become larger than /1/ R'A\3 = -10 (> -300 MPa), see Fig.26-2. However, in
contrast to Normal Concrete with usually relatively low hydrostatic pressure loadings the UHPC
experiences a hydrostatically activated effect, ‘densification with volume shrinkage’. Therefore, the
volume change must be considered by /;%. This explains why for the less ‘dense’ Normal Concrete
R*°/R° is higher than with UHPC according to the possible higher densification. Combined with this a
‘healing’ of the flaw effects can be faced.

The fracture body of a theoretically dense concrete matrix possesses in the high hydrostatic
compressive domain (/; < 0) an open fracture surface due to the densification. Practically however,
the fracture body does only exist once according to the final spatial micro-crack state and cannot be
loaded a second time after deloading. Further, the bi-axial compressive strength R* = /°° (internationally
used letter in construction, stems from the German term Festigkeit) may be not only linked to SF but also to NF
due to the Poisson’s ratio activated tensile strain in the axial direction despite g.x = 0.

An SFC-model validation requires reliable test results. These have been provided as original data
sets by the IMb Dresden (many thanks to Prof. Curbach and his co-workers). Hence, the author had
to search out of the huge test data package which test points belong to TM and which to CM.
Therfore, the full bunch of obtained 3D test data had to be processed. Such a separation bases on the
use of the Lode angle (meridian angle) 9 values: Which test point belongs more to the tensile
meridian sin(39) = 1 or to the compressive meridian sin(33) = -1, see Table 26-3 and Fig.26-4. For
the shear meridian (neutral meridian NM) angle is valid sin(39) =9 = 0.

Considering all physical aspects, cited before, the basic SFC reads:

2 3
F'= ¢ % + cz(,u)-% +C, (%} +C, (%j = 1 with

5 unknowns, which at least require 5 fix stress state failure points on the failure surface
(o}=(., ) : (-rR°,00), (-R*,-R*0,0), (¢, ,&/"*,0), (R®,0,0), (R®,0,0).
The values in MPa = N/mm* are: R® =175, R* =183, 5™ =-195, o™ = -50,
Points: 0" =-40, o, =o', o)) =375 o™ =-61, 0" =0, o) =—420,.
As proven mode interaction coefficient is taken again m = 2.7.

Properties applied for UHPC: linR" = 70MPa, ¢°= 14°.

Table 26-3 presents the essential numbers of some measured failure stress states. The table indicates
the Lode angle $° too. On basis of redundancy effects it may be concluded that with increasing
hydrostatic pressure both the meridians run into a common scatter band, ending with a circle shape of
the hoop. Then, the effect of flaws generating micro-damaging in this heterogeneous material
reduces. Thereby, the fracture failure body becomes more and more cylindrical.

Fig. 26-4 links multi-axial stress states to the Lode angles -30° (CM) and +30° (TM). Only stress
states on the two meridians can be really depicted in the cross-sections. All other test points lie on the
fixed hoop radius on a Lode angle different to +30° and -30°. These points are marked by o.
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Table 26-3: Characteristic material data when evaluating UHPC fracture tests. E = 20000 MPa, v=0.2,

Tmax— O1 - Ol

|
Stress state I/43 »,.'“ ]2 Tmex (Chyd ; Cax) Qe e remarks
in MPa /R SR | in MPa in MPa i 1073
Rt (14, 14, 0) 1 0.7 - - -30 0.6 two-fold NF
Re (0,0, -160) -5 8 82 80 [ -0;-180) | -30 -8 Effer
(-6, -6,-230) -8.7 11.4 111 [ -6;-224) | -30 -11
lenpr (-16.-16.-272) | -11.0 131 128 (-16;-258) | -30 -13
essive | (-35-35.-350) | -15.2 16.1 157 (-35;-315) | -30 -17
(-83,-83,-490) | -23.7 208 204 (-83;-407) | -30 -23
comput |71 33,23,-305) | -126 14 4 141 (-23;-282 -30 -15
R ( 0-175-175) | -12.6 89 88 (0=} 30| 35 two-fold SF
Tensile (-2-210-210) | -15.2 10.6 104 (-2:-) 30| 4.1
(-24.-310,-310) | -23.2 14.6 143 (-24;-) 30| 5.0
Rt (-54,-388,-388) -30 17 167 (-34;-) 30| 5.1
(16,0, 0) 0.6 0.8 - - 30| 0.8 Effr
shear (9 9 D} 0 0.8 9 - 0 0.5 Effir = Effir
change (0,-52,-193) -8.8 8.8 87 - -15 | 9.1
L, T ;
J-;;_- ﬁt ahyd -axis
;
2-J2
X Rt
193 L >
o ﬂ \V ;ﬁear '
point | s
[
(0,-R°,-R) -5\ » )
\&Z compressive
— > & meridian
175
175 ﬁ -10 ” = S
e ¢ ;
+2 5 ; ?b\\
I I ey R %_SQ\ [
7 e < ° ++ 23
210 20 @O o] ot on|wo om
< (=4 Q \
+24 * tensile 2 s
¢ meridian o
-25 35
310 iy o ¢ & 9% ° \
5a | S ol i _2 _
=2 =2 -15 -10 =5 5 10 15 20 25
—
388 388 _ _ _ 83
. R' =16 MPa, R° =160 MPa, R" =14 MPa (assumed), R® =175 MPa
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2
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| 490
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Fig.26-4, UHPC: Compressive and tensile meridian of the fracture body with associated stress states. (left)
mirrored TM test points + with CM ones +; (right) all 3D test points are marked by o (hoop ring), visualizing
to be located at different meridians 4.
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Fig.26-5 displays the mapping quality in the principal stress plane. For comparison the elliptical
curve, as the bias cross-section of a cylinder is included. The figure indicates that there is no Mises
cylinder given, 120°- rotational symmetry acts.

Fig.26-6 (left) displays the mapping of the TM and the CM data course on the cross section of the
fracture body in the traditional Haigh-Lode-Westergaard coordinates.

Fig.26-6 (right) depicts the mapping of the TM data set in a diagram using the ‘rock mechanics
coordinates’ (o,,0,,) for TM and (20,,0,,)for CM. How the effortful programming has been

performed is compiled in Zable 26-4. Unfortunately Mathcad did not compute the CM curve. The
‘Mohr-Coulomb (M-C) Criterion’, using the calculated UHPC-parameters, produces a straight line.
The author could not find any explanation for this unacceptable mapping.

According to the 180°-material symmetry the TM curve could be mirrored from the CM curve by

switching from oMo o™.

Gl + pure failure

cur\r{es G| 4
¢ - (; ’ (Rt Rtt 0)
’ 1 ,RY,
a \ > NF _// compressive
G -/! meridian point
228 L —= =5 i - —+ ’
50 ” 30 00 4+ 130 100 30 0 oy
./. +| + NF
3% W +
y - —
- /
100 ,_’ + 4/1—*‘ %0
./.
o’ 3 I =1
-130 . ++1 ++i interacted failure
#__ = . [ curve
+ _,*_: -R* i e m (-RS0,0)
; l#4- # 41'- & + EF_—P compressive
-200ft T pre (0,-Ree -Ree) ﬁ*j— " . i merit{iian p?im
4 + + il e°=-30
ile meridian + i + --‘_f/-' _ G >C =0
point gec = 30° i n o+ 7 : . .
MPa _ - + SF
-250 - - G| =Gy > oy
—200 -150 - 100 -50 0

Fig.26-5, UHPC: (left) Mapping the course of 2D test data in the principal stress plane. The blue fix point
serves for friction quantification, mapping course of test data in the SF-domain only (normalization by R®.)
considering the alternating Lode angle ¢
(right) Full principal stress plane view, mapping interaction NF with SF in their transition zone (normalization
by Rt).

LL:

* Reliable mapping requires an approach which shall be physically-based and ‘practical’. Such an approach

should equally well map (1) the course of test data fixing the 3D fracture body, (2) the course of test data in
the Principal Stress plane (bias 2D cross-section of the 3D fracture body), and (3) of the test data course
along the two 3D-test meridians TM and CM.
In this context: Engineering mapping has basically to capture physics, must be simple and understandable
and shall use measurable parameters. Therefore, concerning all part figures 2D and 3D, these show that
SFC-models applied for mapping can be good compromises, only. All theoretical approaches have their
applicability limits and the very difficult 3D-testing as well
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* Fracture initiation in solid mechanics is given, if the multi-stress state vector touches the surface of the
fracture body which represents the surface of all failure 1D-, 2D- and 3D-failure stress vectors. The
fracture body surface is defined by a material stressing effort Eff = 100% = 1.

* A display using a confining stress (TM: o,= oy, , CM: 0= g,)) as coordinate leads to another mapping
figure than the Haigh-Lode-Westergaard coordinates give.

* Using just TM or just CM test data cannot result in a reliable physical fracture body.

* Of course, general 3D-failure stress states may not lie on TM (30°) or CM (-30°) but on another Lode angle
around the hoop.

* The fracture planes of TM and CM are different.

* Both, the different course of the test data points compared to the also incorporated ellipse in the principal
stress plane and the difference of the TM and the CM-curve document the inherent 120°-rotational
symmetry of isotropic materials.(360°/3= 120° is given, because all 3 principal stresses are of equal
mechanical importance, see Fig.14-9.

* The fracture body of a dense isotropic material has an open bottom fracture surface!

(0;.0, =0)—>0,Q20,) | G, (0,=05.04)—>20,(c4)

11 A 2:J, 0

. 0 —

MPa 4 O

(]

b less good -

2
\\_
4
.//-'"_\
|
[ ———
P
"
+

N .
good \?:-JE cM - { \

\t | [ %\
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/ “ | T
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e 54 1 490
Tt | 1
e | P |
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Fig. 26-6, UHPC: (left) mapping display of the two test data sets in Haigh-Lode-Westergaard coordinates.
(right) Display using confining stress coordinates

Eventually, Table 26-4 presents the determination of the 5 UHPC model parameters.
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Table 26-4,UHPC: Determiantion of the SFC model parameters

) ~
1-612-0 11 1\ 113
FT'-'; 2—+C’—t+c4~:i—;=l
Re* Re \Rec) \Rc)
Il=cl+ oll + olll N= (GI_GH) + (ol - Um) + (oIl - C"I)

6

P (2-0l - oll - olll)-(2-01l — ¢l — olll)-(2c1ll - ol — o)
=

T
2]

+ ar-1532.m.0 P 2 T armen

O1TM = T+ dr-sin(30t) = \{1+ dr  ©OTCM= {1+ dr-sin(30c) = 1 - ar

,c (V5]

= I
/ -~ o) \
1 5,503 (201 - ol)(2.0ll - o) (-0l - o) { 2.0T° = 2-0l.oll + 2.0 l
5.392. .
/

27 L 6

Vorgabe cl =2

cl——————— + 22— + 3} — | +c4

cl- cd-i
2 Re \ Rec |, \ Re

Re

cl-
5

- S -

3.2f.2 dt-sin(30 ( = e’

S e e f)+cl~m+c3~:!£} +c4~!£} =1
Rc”

Re l\ Re / ;\ Re ;

= =
3 5 7 % & 7 B b
55 T2vel 3 m Il\cl et Il\cl) - Il;cl} ¥
C .

2 Rec \ Rc | \

\

AT = Suchen(cl.dr.c2.c3,cd)

Table 26-5 follows with the derivation of the mapping curves in confining stress coordinates from the
model parameters for the full UHPV fracture body.
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Table 26-5: Relationships to derive mapping with the confining stress coordinates

™ Transfer to confing stress coordinates CM
) ) 2
E T n= (ol -oll)” + (oll -60'I11) + (olll - ol)
2 2 2 2 2 2
(clt - ollt)” + (0) + (clllt - olt) same fonction 0" + (ollc - ollic)  + (olllc - olc)
R MG, TG OF SRy equal |
NR= 6
. 2 2
2 [(O'I-am) + (crl]l-o-l)]
I1t= \{3-Re-y B 5 N
3-Re”
= ol + oll + olll [t olt + 2olllt C—M
yt= = = \|(-3'Rcy't alt yom “\.R
\ﬁ-Rc V@-Rc olllt= T - T \ﬁ c
( o V2 3
Ualt =1 \ﬁ_l’lc_}_ - G—’IEH + | —@ - GTH - O‘It) %-(3-0‘(( -3 Reyl”
IM= | \ 2 2, ¢ 2 2 2 g X
2 2
3-Re” - 3Re
5 1 2
< aic
- a 3 e f 3- R e D o - i | 2
[olc - ({3-Rey - 20lc)] + [\5 Rey - 2-olc - o-lc) J 2 (3.0 - ERey)
WCM= |= " = = -
3Re” 3-Re”
Values for x are given by inserting the y-coordinate into the SFC
. s, &
=0.1.40 I |
) %™ %o y runs negative
2 3 2 3 2 3 2 3
2| c2Re™ L = Re™ + c3-Re-{I1 )" + c4-‘ll-)J 2{c2-Rc Il = Re™ + e3Re-(I1 )7 + 411, )
e L J J J N ] J J/
xT.\ij = = xC.\(j =
3R¢”c1-OTTM

3R -c1-OTCM

Finally the y-value is inserted into the confing stress version of x xTM, xCM are known

r 3 )
Vorgabe it = -100 (3Rey olt)]” [3Rey olt 0
P (B o L. | s e
M= L\ 2 2 2 g 2

3‘RC
{ c -’ ’

V(xTM.y) = Suchen(clt =V
AfxTM.y) = Suchen(clt) aly \(xT.\Ij.yj)

ollit. =
) 2 2

Mathcad did not compute 3’,&;’ however the formula can be simplified and o1 extracted

J6RexTM.  \f3-Rey. ViRey.  \f24/3RexCM
15 ) cle. = 1, ]

- - — . 3-Rev. = 2.
o'IIItj ‘ > = amcj = \f3-Re % O'Ic]

olt. =
J
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25.3 Rock Material, example Sandstone

As for concrete the properties for Underground Rock Failure Stress Analysis are also provided by
tests on the tensile and the compressive meridian.

Tensile domain:
Also in rock materials in the vicinity of excavations and boreholes tensile stresses will occur.
Further, an undesirable brittle sudden failure is to prevent when a bore-hole is drilled. Therefore, a

tensile strength proof requires a tensile strength R' for the distinct rock material.

An estimation for the tensile strength value delivers the Brazilian splitting test (indirect tensile
strength test) because a classical tensile test specimen is merely to obtain. A solid cylinder or disk
(short cylinder) test specimens is used for the initially crack-free (intact) material, see Fig.26-7. The

evaluation is performed via the formula f, o Ri= 2-q/(wd- 0), from [The constructor.org].

This ‘indirect” measurement caused researchers to predict a value by using a Mohr-Coulomb-based
SFC but the determined value must be wrong. In this context the author fully supports Mingqing You
[Youl5] that a tensile strength R' is a separate parameter and cannot be estimated by models working
in the tensile-compressive transition zone. A real value for RY is only to obtain by a uniaxial tensile
stress test {o} = (o =F/A, 0, 0)"

Compressive domain:

Usual test series for concrete material (see the concrete applications before) are most often

performed along CM and not so often along TM. For the general demonstration of the strength
capacity, however, the full fracture failure body is required because all mixed 3D-compressive stress
states are principally possible and their failure stress vectors determine the surface of the fracture
body.
In rock mechanics the stress situation seems to be normally just linked to stress states along the
compressive meridian. This explains why no bi-axial strength R is provided in rock literature an
entity that enables to describe the 120°-symmetry. Mapping just the course of test data along a
meridian simplifies the task: Just the functional description of the test meridian remains of interest.

A stress state in a material, formulated in Mohr’s mathematical stresses, reads

{(7 } = (o 1 Oy Oy )T with 0| becoming the smallest failure stress (most positive)
O, >0, >0}, mathematically and o, the largest compressive failure stress (most negative).
Tensile stresses must be signed positive in this context, otherwise confusion becomes extreme!
For the tensile meridian follows {O‘} = (o0,, 0,, O, =0, )T with o, =G;X ~ Pryg
and the compressive meridian {0} = (0,=0,, 0,, 0, ) With 7, =05, — Prya -
TM captures R (and R', in the domain of the Normal Fracture mode) and CM captures R°

(and principally also R™ in the domain of the Normal Fracture mode).

In rock mechanics, being one part of civil engineering, hydrostatic pressure is used, when testing
concrete and UD material, but is to replace by the term Confining Pressure CP. This makes to
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introduce some definitions of rock mechanics terms: In construction, tensile stress is usually still
negative, but not always. This makes literature interpretations difficult!

» Multi-axial rock compressive strength capacity [ Youl5]
(the stress-sketch in Figure 1 of [Lan19] must be corrected. It does not fit to the provided failure
stress states. In Fig.26-7 this is corrected)
o, =0g =0 termed here min or principal stress

» 1D uniaxial strengths: UTS = R, UCS=R®
Unfortunately the author found different meanings: In engineering design dimensioning UTS means
Ultimate Tensile Strength and not Uniaxial Tensile Strength and UCS ultimate compressive strength
(still also applied in ‘geo engineer’! Why is it not generally used in rock mechanics?) and not for
instance Unconfirmed Compressive Strength [Wikipedia]. UCS stands for the maximum axial
compressive stress that a specimen can bear under zero Confining Pressure (compressive stress),

which means it is nothing else than the usual simple standardized technical compression strength R® in
engineering.

v Confining pressure CP: maximum level of hydrostatic compression applied in a tri-axial
compression test of a concrete, a rock material or a neat resin test specimen defined by

{o} = (cu'- CP,-CP,-CP) orwith o (tensile meridian)
{0'} = (oax - CP, -CP, -CP) (induced by test rig brushes in case of concrete)
v" Confining lithostatic pressure: CP = ppyq + overlying weight.
The author would like to conclude: Using usual mathematical stresses it reads
» Sealed, polished dog-bone test specimens deliver the failure stress points
(-R -RC -R) no pore pressure, (-R¢, 0, 0), (R', 0, 0) and
further multi-axial compressive failure stresses on the compressive meridian.
« A bi-axial compressive failure stress ( R -, 0) is obtainable by the dog-bone test specimen for
0,=0 or o' =—CP. However, the author did not find one single bi-axial strength value

R in the papers he examined!
However, the UHPC fracture stress data set, thankfully left by IFM Dresden, brought a
statistically good base which should have a similar tendency as rock material

* A bi-axial tensile failure stress (§tt , R™, 0) can be obtained by cube test specimens prepared
by a good gluing in order to load the needed bi-axial tensile stresses.

Test procedure: The confining pressure CP is achieved and then kept constant during the test. The
axial stress o) is increased at a certain rate until the test specimen fails at maxo;. It is to consider
whether the porosity of the rock or the soil material and the moisture saturation plays a role.

Fig.26-7 presents fracture pictures of the investigated Berea sandstone. Essential is that the
fracture angle increases with CP.
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Fig. 26-7: Brazilian cylinder or disk (short length) for an indirect estimation of R' and dog-bone (sealed,
highest preparation effort, grinding from solid block with axial bedding layers) test specimen for direct
measurement of tri-axial fracture stress states along compressive meridian including the tension-
compression domain.

(A depicts the differential stress entity causing shear stress with shear deformation)

Similarly to other brittle materials the task always is the full (onset-of-fracture) body surface
capturing NF and SF and not by SF just I; < 0 and thereby not regarding the intrinsic 120°-rotational
symmetry. The TM and CM test data points are two oppositely located cross-sections of the body.
The classical type of visualization is to use the Haigh-Lode-Westergaard coordinates count equally in
all directions. Visualization by using a confining stress cannot lead to the same mapping curve (see
Fig. 26.6).

LL:
The interpretation of the concrete-diagrams above leads to the following results for rock materials:

» Using just TM or just CM test data incorporates a bottleneck concerning the achievement of a
reliable physical fracture body

» The use of the geo-Mohr-Coulomb Criterion leads to a straight mapping of the course of test data
along the tensile meridian. The model of the author captures the curved course

» Engineers in other disciplines become pretty stressed because we civil engineers unfortunately use
construction design tools which still call tensile stresses negative stresses. This completely disturbs
the logic of the well-known ‘civil engineer’ A. Mohr in context with his use of mathematical
stresses!
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Fig.26-8, Sandstone: Fracture pictures of Berea sandstone from [Lan19].

Personal experience with a dangerous shear strength value and an associated critical sliding angle, were
leading to a land slide at the West-East Main road of Bhutan.
A video clip taken by me would show how huge rocks were ‘travelling’ down.

Eastern 2012
7.28 o'clock

There was the
East-West
Main Road

of Bhutan
until 30 min
before arrival

This dramatic situation, depicted in the figure above, led to my most dangerous car trip, on gravel
roads, along gorges up to 1000 m deep, from the Central Himalaya down to the plain and back up
into the high mountains. AND, there was with just one driver from 7 until 23 o’clock.
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27  UD-Strength Failure criteria: Which one should | take?
Aim: Assisting the user not to follow the FE Manual recommendation "Take the worst result of all .

In the future, we will be forced to compute 3D-based reserve factors in static component Design
Verification. The 2D-based Classical Laminate Theory for unidirectional fiber-reinforced matrices is
not sufficient for this. For these reasons, the author has tried to compare those SFCs that were
'contributing' to the World Wide Failure Exercises (WWFE) for UD materials, namely Tsai-Wu,
Hashin, Puck and Cuntze. The comparison carried out (generally too little test data is available)
looks at the necessary input, shows the received failure envelopes for three 2D stress combinations
and tries to evaluate the results, so that FE Manual recommendations "Take the worst result of all" is
not to be followed anymore!

Regarding the chapters before, the SFCs of Hashin and Tsai-Wu will be presented, only, and some
missing things of Puck’s SFC.

27.1 SFC Hashin
* Hypothesis 2, valid for Cuntze’s FMC-bases SFC-formulations:

"For UD-material the SFCs should be invariant under any rotation around the fiber direction.”

Hashin with the Hypothesis 2 also proposed an invariant-based global quadratic approach with two
different stress invariants:

— _ _ 2 2 _ 2 _ 2 2
=01, l,=0,+03, ly =15 +7,", |, =73" =0, 0y, |5 =41y573,7), =0, 73" =03 7).
Table 27-1 compiles the four SFCs of Zvi Hashin.

Table 27-1: Four SFCs, for FF1, FF2, IFF1 and IFF2

{0} =(0,,0,,05,T53.731,751) ", {Ii} = (R”t, |§|f, R',R®, Iil”; R,;)" ; 6 strengths, principally
Interaction of the 4 modes necessary.
Hypothesis 1: F ({GA} , { ﬁA} , €fp) =1, Puck's way
Hypothesis 2: F ({0'} , {F_Q}) =1, Cuntze's way, below
2, 2
FF1, o, >0: [ﬂ} Jmtte e 6 <0 {‘F_{‘—?J -1
|

2 2 2, 2
(0, +03) (723 _02'03) (731+721)

IFF1, o, + 05, >0: = + _ L -1
RJ_ RZS2 RLHZ
RC¢? + +o0.Y¥ (-0, 0 72 + 172
IFF2, 02+03<O:[ L ) _1}(0'2 _CO'3) (O'z _O"?;) ( B 22 3)+( 3 221): |

2 2
Interlaminar failure: o >0: {%J =1 o0,<0: L_G"”J =1.
3

* Hypothesis 1, valid for Puck’s Action Plane IFF formulation:
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"In the event that a failure plane under a distinct fracture angle can be identified, the failure is
produced by the normal and shear stresses on that plane”.

Hashin proposed this modified Mohr-Coulomb IFF approach but did not pursue this idea due to
numerical difficulties (4. Puck succeeded on this way).

Question: What about the determination of R,; # Rj,? See Technical Terms, please.

27.2 SFC Tsai-Wu, global SFC

A general anisotropic tensor polynomial expression of Zakharov and Goldenblat-Kopnov with the

parameters Fj, Fj as strength model parameters was the basis of the Tsai-Wu SFC
6

6 6
Y(F-o)+>. D] (Fij el 'aj)zl. From this tensor formulation, Tsai-Wu used the linear and

i=1 j=1 =1
quadratic terms, see Table 27-2:

Table 27-2: 3D SFCs of Tsai-Wu

{0} =(01,0,,05 Ty, T3, 7T21) ", {ﬁ} = (ﬁ“t Rf R!,R?, Ii”; R,,)", 6 strengths
F ({a}{ﬁ}) =1. The interaction is global SFC —inert
F-o,+F 0-0;,=1 with (ij=12.6) or executed

F, -012 + R-o0,+2F, 0,-0,+2F;,-0,-0,+F, ~0'22 +F, -0, +

+2F,-0,-0, +F;, -(732 + F -032 +K-0,+F, -2'223 +F, -2'123 + F -2'122 =1
with the strength model parameters
F,=1/R/ -1/R}, F, =1/(R|-Rf), F,=1/R| -1/R{, F, =1/(R, -R}) =F,

Fs=F, Fs=Fs =1/ ﬁfn’ 2F23 =2F, -1/ I5223' Fu = 2'(F22 + Fzs)
and - in order to avoid an open failure surface - the so-called interaction term

F,=F, F, F, With -1<F,<1; usuallyapplied F, =— 0.5.

Question, again: What about the determination of I§23 and the value for Fy, for 3D applications?

27.3 SFC Puck

Some history:
*As early as 1969 A. Puck recognized to separate FF from IFF (not Hashin as is sometimes said). Since the

mid-eighties Puck from Uni Kassel, Cuntze from MAN and colleagues of the DLR-Braunschweig looked
together for an improved IFF-SFC.

* H. Schuermann, Uni Darmstadt, found the article [Has80] with the Hashin Hypothesis 1 which Puck could

successfully execute. Cuntze recommended to use the matrix formulation to mathematically simpler
convince the reader, which was more successful than his excellently written model description.

* Beside several dissertation works, Puck’s IFF model was further developed in a founded research project
1994. Results were published in VDI Progress Reports Series 5 Vol.506, VDI-Verlag, Diisseldorf, 1997,
[VDI97]. The investigations for this book gave valuable results for Puck’s book, 1996.

* Due to the still highly established Puck IFF model Cuntze invited Puck to put his SFC into the [VDI 2014]
German Guideline, Sheet 3, Development of Fibre-Reinforced Plastic Components, Analysis.
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Puck’s so-called Action Plane IFF Conditions (1991) base on Mohr-Coulomb and Hashin.

In his interaction approach for the 3 IFF modes Puck interacted the 3 Mohr stresses ¢ , 7, 7 , on the

IFF fracture plane, see Fig.27-4. He uses parabolic or elliptic polynomials to formulate a so-called
master fracture body in the (¢, , 7 , 7 ) space. Thereby he assumes that a compressive o cannot

cause fracture on its action plane and that the stress 6, does not have any influence on the angle of
the IFF fracture plane. The stresses on the fracture plane are decisive for fracture: A tensile stress o,
supports the fracture, while in contrast a compressive stress makes the material ‘stronger’. In other
words: A compressive 6, impedes IFF which is caused by the action plane shear stresses 1, and t,;, or
— in other words - cannot cause fracture on its action plane. Fracture-responsible are only those
stresses which act on a common action plane.

Fig.27-4, UD-composite element: Lamina and action plane stresses at an inclined failure angle 6, (from
[Lut05, SAMPE])

Fig.27-5 presents Puck’s 3 IFF modes: mode A (= IFF1), mode B (=1FF3), mode C (=IFF2. The
modes A and B lead to transversal fracture planes with 6fp =0, whereas in mode C inclined planes

occur  O°< gfp < 55° (for CFRP). The determination of the unknown IFF action plane angle &, is

Mode B

Fig.27-5: Master fracture body with Puck’s IFF modes and action plane stresses (on, tnt, tn1). (left) Lamina
stresses and main IFF cross section of the fracture body in lamina stresses (o2, t21) [courtesy H. Schiirmann]
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performed by a search process in the domain -90°< pr < 90. For the in-plane stress state 7.,,(o,)

which is dominant in many structural components, Puck found an analytic solution for the angle of

=, 2 2
the fracture plane [Puc02]: cos6,, = 5 21 — (223] [ﬁj +1(-
+e- Py 1] 0,

In Table 27-3 Puck’s Action Plane Mohr-Coulomb-linked (global) IFF SFCs discriminate 3 IFF
domains and are completed by the simple maximum stress modes FF1 and FF2. Two IFF fracture
plane resistances (superscript ) directly are technical strengths.

Table 27-3: SFCs for FF1, FF2, IFF1, IFF2 and IFF3

{0} =(0,,0,,05, Ty, 751, 75) " { } RH,Rt R’,R _LH Ra)" 6 strengths, principally

n' ‘o !

In Mohr's action plane stresses the IFF-SFC reads F(a r.,R R 6 ) :

F({aA},{ﬁA},efp)ﬂwith {R}=(R},R},RM=R},RA, R}, =R,))"; Puck : R} # Ry,!

c
Il

and due to the IFF hypotheses, two different eqations are provided [Puc 96, p.118]
2 2
IFF: 0,>0: ¢ = (F%”;\J +[%",§ ] +[I:AJ 1 1y = o+t
23 1|

2 2
. . Tt The
IFF: o,<0: ¢ = (ﬁgAg o, -GnJ +[m] =1, [Puc96, p.143]
= from originally assumed 6 material strengths down to 5 action plane resistancies
which capture all 3 sub-modes IFF1, IFF2 and IFF3.
The following transfer relationship is to apply above (fp = failure plane)

2 2
FF1, o, >0: (%J ; FF2, 0, <0: [ O-lJ =1, (maximum stress criteria)
R

0,
0,(0,)| | > s 2s¢c 0 0] |o
7,(0;,) p=|-sc sc c?—s* 0 0|4z, , C=cosfy and s=sind, .
The (pr) 0 0 0 S C| |7y

(31
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Fig. 27-6: Fracture modes of the (o, 7p1)-failure envelope; index ® marks the touchpoint between
mode B and C, [Lutl3, Puc96]

Table 27-4: 2D-1FF [VDI2014]

RLH t

_ 2
Mode A (= IFF1) : g:%- [_——pmj L0yl + Ty + Py Oy

Mode B (= IFF3) : pot. Pl -0," + 175 + DYy Oy

Mode C (zIFF2): ¢=

¢ isalso termed f. [Lut05, VDI2014]
Térl) = ﬁlll '\/1"‘2' P23 0£p= - §z§ ) ﬁz@ :|:§LII '\/1+2' piu : ﬁi / ﬁux _1}/2' pill’

* The action plane resistance ﬁg depends on the chosen fracture body model such as the

parabolic Mohr envelope and not just the linear Mohr approach.

* Assumption on coupling the inclination parameters: p3, = p$, - R /Ry

Ry, is found in the horizontal cross-section of Puck’s Master failure body. It is a IFF-Mohr model-
linked quantity and consequently a given model strength parameter and not a technical strength. It
finally did vanish therefore as a measurable technical strength. Puck’s RZA3 is @ model parameter and

defined by Puck’s Mohr-Model using two strength and the so-called inclination parameters p,
depicted in Fig.6.

Practically, 5 independent failure activing stresses are left, which would support Cuntze’s material
symmetry-based ‘generic’ number of 5 he elaborated for UD materials.
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Of course, an interaction of IFF with the two FF modes is also with Puck mandatory in order to
capture the combined (joint) failure danger. This procedure is documented in detail in the VDI 2014,
sheet 3. One reason to do that is that experiments demonstrate micro-damage activation at the ends of
broken filaments. Puck terms this ‘weakening of the matrix’ and uses a so-called weakening factor.
Applying Cuntze’s interaction equation Eff = 1 this is automatically performed in the foreseen
comparison.

27.4 Comparison of the obtained different SFC Failure Envelopes

In consequence of the rare test data sets just 2D-models of Tsai-Wu, , Puck and
could be numerically investigated.
A comparison is only possible if the interaction can be equally performed for each model and the
same interaction. This could be realized for the 4 models by a transfer to the single 2D-Eff-
formulation, example Tsai-Wu:

o, /Eff? Jl_i_i 2Fy; - 01 -0 /Eff?  0*[Eff? o, 1 1 f%z/Effz_
RCRCET R ORS TRORS A

: 1
=t =t c = t
B B SR RS RS RoRe BT ORGR

The investigation focuses mapping of the curves of test data by SFCs. In these formulations each
single strength is an average strength consequently indicated by a bar over.

The following figures present the failure envelopes of investigated three plane stress combinations.

SFC Failure Envelopes

Fig.27-6 visualizes, how the four models map the most interesting cross-section of the UD fracture

body, namely T,;(0>).

A 2'21
150
Tsai-Wu
Puck
100
50 -
MPa O3
—0250 -200 - 150 - 100 -30 0 ] 100 e

Fig. 27-6: CFRP test results (MAN Technologie research project with A. Puck, IKV Aachen et al.)
{R} = (1280, 800, 51, 230, 97)" MPa, 11, =0.3 [VDI 97]

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 244



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Fig.27-7 depicts the failure envelope 6,(0;), being the WWFE Test Case 3. In this test case below,
just the 4 strength values were provided together with the not R lc -matching test data of a Russian test

data provider showing a test discrepancy (passed away, no request possible) in the fourth quadrant of
Fig.27-7. However, the tendency of the two different (assumed) test sets can be carefully used for
validation.

The global Tsai-Wu SFC lies fully outside, which would be of high effect for stability analysis. The
test data set in the quadrant I11 was provided by M.. Knops, IKV Aachen, [Kno03].

Mapping tells, that modal modelling is the better choice.

A0
100
MPa

modal FMC IFF1 I

50 t t #___,ﬂ._.-—-‘--~—-—‘w—*'= ————
I .-l""" - /""“ y B -
- /
>~
" L]
-R I(l: / L]
v -
FF2 FF1

LA :
ki g,
1 |/ Al 4 -« -
e 4 L i
Tl ;: /
L X
global \[ N\t + A
Tsai-Wu N [t X .,
- 100 < -2
N X L et
\ physically non-feasible domain g ‘L:__': - =
I LIRS ? vV
- 150 B o R et :
IFF2
MPa

~
'9%400-3200-2000-1800-1600-1-'00-1200-1000-800—600-400-200 0 200 400 600 800 1000 1200 1400

Fig.27-7, WWFE-I, TC3: Hoop wound tube lamina. E-glass/MY750 Ep.
{R} = (1280, 800, 51, 230, 97)'

In order to be able to generate above different envelopes the author had to harmonize terminology
and to make them to apply his interaction formula for the modal SFC ones.

This limited the amount of further numerical comparisons. T,1(G;) could be investigated.

From Fig.27-8 can be concluded that the envelope of Puck and Cuntze lie upon another. Modal
Hashin and Global Tsai-Wu are lying inside.
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Fig.27-8: (R} =(1280, 800, 51, 230, 97)"

27.5 Computation of a SFC-linked Reserve Factor

Principally, in order to avoid either to be too conservative or too un-conservative, a separation is
required of the always needed ‘analysis of the average structural behavior’ in Design Dimensioning
(using average properties and average stress-strain curves) in order to obtain optimum structural
information (= 50% expectation value) from the mandatory single Design Verification analysis of the
final design, where statistically minimum values for strength and minimum, mean or maximum

values for the task-demanded other properties are applied as Design Values. There it is to demonstrate
that ‘4 relevant Limit State is not met yet’.

A very simple example of the Design Verification of a critical UD lamina in a distinct wall design
shall depict the RF-calculation procedure: Beispiel CHECK Neu mit Rechnung machen

Asssumption:  Linear analysis permitted, design Factor of Safety j , =1.25
* Design loading (action): {O-}design ={o} i

* 2D-stress state: {o} =(0,,0,,05,T55:T51,75)" - Jy = (0, =60, 0, 0, 0, 50)"MPa

design

* Residual stresses: 0 (effect vanishes with increasing micro —cracking)
* Strengths (resistance) : {I§} = (1378, 950, 40, 125, 97)" MPa averages from measurement
statistically reduced  {R} = (Rj,R’,R} ,R,R;)" = (1050, 725, 32, 112, 79)"MPa
* Friction value(s) : g, =0.3, (#,, =0.35), Mode interaction exponent: m =2.7
[Eff™e) = (Effe, Eff'", Eff o, Eff*", Eff ') =(0.88, 0, 0, 0.21, 0.20)'
Eff" = (Eff'")" + (Eff"™)" + (Eff )"+ (Eff )"+ (Eff )" = 100% .
The results above deliver the following material reserve factor f.. = 1/ Eff

_ —0, +‘O-2‘

atlon] o g ST =060, Eff - _lml e

2-R} R} R, -4, 0,
Eff =[(Eff )™ + (Eff )" + (Eff )™ 1™ = 0.80.
= fg =1/ Eff =1.25>1— RF =f(if linearity permitted): Design Verification achieved!

* Eff L7 =
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The certification-relevant load-defined Reserve Factor RF corresponds in the linear case to the
material reserve factor fre. Its value here isRF=1.25>1 — Laminate wall design is verified!

The multiple Lessons Learned and conclusions are incorporated in the following list:

LL

v

4

Considering FE-results and necessary properties: We must more and more 3D-design! However
properties, especially for composites is 3D-property data test sets, are seldom sufficiently available
So-called global SFCs couple physically different failure modes whereas the modal SFCs describe each
single failure mode and therefore will better map the course of test data

First-Ply-Failure (FPF) envelopes are searched by these SFCs, which means determination of ‘Onset-
of-damage’ and includes both Inter Fiber Failure (IFF) and Fiber Failure (FF). Last Ply Failure (LPF)
usually requires a non-linear analysis, which can be used to save a design

Material symmetry seems to require for UD materials a ‘generic’ number of 5, valid for strengths and
elasticity properties and the distinct SFCs.

In this context: The Standard 3D SFCs of Tsai-Wu and Hashin employ the so-called cohesive (shear)

strength R,sand regard it as a technical strength and not as a general strength quantity. The mystery
behind the various interpretations is tried to be unlocked by the author. Because most of the published
applications are 2D-ones the employed SFCs do not require R,; and its determination by tests needed

not to be presented

Often, SFCs employ just strengths and no friction value. This is physically not accurate and the
undesired consequence in Design Verification is: RF may be not on the safe side

SFCs are ‘just’ necessary but not sufficient for the prediction of strength failure. Basically, due to
internal flaws, also an energy criterion is to apply. The novel approach ‘Finite Fracture Mechanics
(FFM)’ offers a hybrid criterion to more realistically predict the stress-based crack initiation in brittle
isotropic and UD materials.

The physically clear-based quantity Eff gives an impressive interpretation of the failure envelope or what
100% strength capacity in 3D stress states physically really means.

From the nevertheless well performed WWFEs the author had to learn that provided test results can be
far away from the reality like an inaccurate theoretical model. Theory creates a model of the reality and
one experiment shows ‘just’ one realization of the reality. Test article analysis is mandatory to interpret
the test results and for a simulation-based improvement of the design. Only well-understood experiments
can verify the design assumptions made!

Assuming 6 strength quantities seems to violate material symmetry. Cuntze’s SFC set just employs 5
measurable strengths and 2 friction parameters.

The SFC models of Puck and Cuntze are most probably those SFC models, which are best validated
by 2D and the few 3D UD experiments.
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28 Technical Terms, Laminate Description, Material Stressing Effort Eff

Aim: Bridging mutual understanding between engineering disciplines.

28.1 Terms
Some terms for a better common understanding and for the application of SFCs comparison shall be
added. This is the more necessary for composites:

« Analysis: Computation that uses fixed model parameters, such as of the final design

» Fracture body: smoothed surface of the ends of the multi-axial failure stress vectors

« Failure condition: Condition on which a failure becomes effective, meaning F = 1 for one limit state
« Failure criterion: Distinctive feature defined as a condition for one of the 3 states F<=>1

* Failure Mode Concept (FMC): invariant, failure mode-based general concept to generate strength

failure conditions (SFCs) for single failure modes. It is a ‘modal’ formulation in contrast to ‘global’
concepts where all failure modes are mathematically linked and a concept for materials that can be
homogenized (smeared). Applicability of a SFC ends if homogenization as pre-requisite of modeling
is violated

* Fracture body: smoothed surface of the ends of the multi-axial failure stress vectors

* First-Ply-Failure (FPF): usually First Inter-Fiber-Failure IFF in a lamina of the laminate. FPF failure
envelopes are searched by the SFCs. This means determination of ‘Onset-0f-damage’ and includes
both Inter Fiber Failure (IFF) and Fiber Failure (FF)

 Lamina: Designation of the single UD ply as computational element of the laminate, used as laminate
subset or building block for laminate modeling. It might capture several equal plies.

* Last-Ply-Failure (LPF) in the laminate: usually requires a non-linear laminate analysis, which can be
used to save a design

* Material Stressing Effort o = R- Eff (not material utilization in the usual sense of manufacture waste

minimization): artificial term, generated in the UD World Wide Failure Exercises in order to get an
English term for the meaningful German term Werkstoffanstrengung. The SCF is stress-based and not
strain —based. In the linear case it is directly valid fres = RF' = 1/ Eff. (in his book Puck originally used
the term effort ¢ and further exposure). Effmax = 100% =1

* Ply, layer: Physical element from a winding, tape-laying process etc

* Properties: ‘Agreed’ values to achieve a common and comparable design basis. Must be provided
with average value and coefficient of variation

* Reserve Factor RF: load-defined value RF,, = final failure load / design ultimate load DUL

* (material Reserve factor fres: fi,, = strength design allowable R / stress at design load DUL

Res
* R: general strength, strength design allowable for Design Verification;

« R: average strength in model validation for mapping tasks, marked by the statistical ‘bar over’

« Simulation: Process, that consists of several analysis loops and lasts until the system is imitated in

the Design Dimensioning process. The model parameters are adjusted hereby to the ‘real world’
parameter set

- Strength quantities: {R} = (R|,R{,R1,R},R;;; R;)" < (X, XY ,Y",S,;S,,)" Tsai

» Stress components: They should exactly read stress tensor components or simpler just stresses (only a
shear stress can be composed of a tensile component jointly acting with a compressive stress
component)
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« Technical strength, standard-measurable: for clarity symbolically indexed R,©, Ry

* General strength quantity: indexed by numbers like R, | — R,5.

It seems necessary to again cite for the two different composite domains two long-time used terms:
Material composite (Werkstoffverbund): structural-mechanically a composed ‘construction of

different materials.
Note: A not smearable ‘conglomerate’ is usually the Fiber-grid-Reinforced-Concrete.

Composite material (Verbundwerkstoff): combination of constituent materials, different in
composition.
For the strength properties it is to discriminate in the English language:
Yield stress (unfortunately termed yield strength, despite of the fact that it is not set as a strength property

for Design Verification): material property corresponding to the point at which the material begins to
deform plastically (in German Streckgrenze Re), is end of proportionality Gprop

Proof stress: point at which the material exhibits 0.2% of plastic deformation, known as stress at 0.2%
strain- offset and set as yield strength property Rpo.2. (in German Fliegrenze or 0.2% -Dehngrenze).

Repetition: Shear Strength Quantities in Spatial Analysis of isotropic and anisotropic materials
These are an essential input with UD materials however also with isotropic mineral materials.

For 3D-analysis two specific shear strength quantities are applied, see Fig. 28-1:

* An approach-formalistic z,s/R,3 linked shear fracture stress 7pe®= R,, <R',
used with Tsai-Wu and in the invariant approach of Hashin  and further
* A Mohr-based approach linked so-called cohesive strength R}, =7, (o, =0), used within an

Hashin approach and in consequence, principally also with Puck. Since Puck formulated a full
IFF-SFC R}, = R%,, defined by all 3 IFFs interacting approach , he could model-associated de-
dicate his action plane resistance a relation with other model parameters.

~
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Fig. 28-1: (up) Difference of transversal shear fracture stress and cohesive strength. (below) Mohr-Coulomb
curve characteristics

28.2 Indexing and Material Notations
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Indexing is a chaos in the disciplines: It seems to be that the author could find (some years ago for

the planned novel ESA —Material Handbook) a physically clear indexing system for the 3 material
family models isotropic, transversely-isotropic UD and orthotropic materials (fabrics etc.). This
indexing captures all material properties and allows a switching between.
The author’s Glossar on ‘Technical Terms’ (Springer) hopefully shall be a contribution to a better
mutual understanding of 'constructive' engineers from the building industry and engineers from
mechanical engineering and further, of engineers from the textile, manufacturing and material
discipline as well in order to better manage the more and more interdisciplinary future project tasks.

Notes on designations: As a consequence to isotropic materials (European standardization) the letter R has
to be used for strength. US notations for UD material with letters X (direction 4, ||) and Y (direction 2, L)
confuse with the structural axes’ descriptions X and Y. Ry, := ‘resistance maximale’ (French) = tensile
fracture strength (superscript ' is usually skipped because in mechanical engineering design runs in the tensile
domain, which is opposite to civil engineering, where fiber reinforcement is coming up viewing carbon
concrete). See further [Cuntze Glossar]. In the following
Table, on basis of investigations of the VDI-2014 Working Group and on investigations for above
Materials Handbook, Cuntze proposed internationally not confusing terms for strengths and physical
properties. These self-explaining symbolic designations read for UD- materials:

Property type UD guantities ‘r%slr;fgieclr,
fracture strength properties {R}=(R}.R[.R..R[,R LII)T , 5
+ friction properties My s My 2
elasticity properties {E}=(E,.E..G, v, V.) 5
hygrothermal properties | {a} = CTE (¢ .} ) ; CME (¢ ,x)") 2;:2

Notes on composites and matrices:

(1) The constituents retain their identities in the composite; that is, they do not dissolve or otherwise merge
completely into each other although they act in concert. Composite materials provide improved
characteristics not obtainable by any of the original constituents acting alone.

(2) Normally the constituents can be physically identified, and there is an interface between them.

(3) Composites include fibrous materials, fabrics, laminated (layers of materials), and combinations of any
of them.

(4) Composite materials can be metallic, non-metallic or a hybrid combination thereof. Carbon concrete is
one example.

(5) Approximately homogenizable to a smeared material are short fiber-reinforced FRC, SMC, UD-ply =
UD-lamella. The lamella is smearable and therefore it can be modelled as a ‘composite material’.

(6) Layered materials and foam materials are also forms of composite materials.

(7) Cement-based mortar is a ‘smearable’ composite material (the construction organization RILEM has a
problem here, because they do not discriminate ‘material composite’ from ‘composite material’)
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Table 28-1: Notations of material properties

general t ' ; 2 2 :
2 orthotropic L R, R, R, R, R R, R R,

<| UD,Znon- | R’ | R/ R IR | R | 2[R || R | Ry

crimp fabrics | g | NF | NF | sF | SF | SF | SF | NF | SF

6 fabrics R‘: R;- R_: R, R;— R R;rp RF3 R;r5

fabrics ! t : ¢ .
5 general R, | Rg | R, | Ry | Rp | Ri | Ryp | Rps | Rys
S mal Ry | Ry | Riw | Ry | Ry | Riw | Ry | Ry | Ry

ductile R, R, R,
isotropic SF SF SF
RS R, | R. [WEEW R, | R, | R, | R; | R;
NF NF NF SF SF SF NF NF NF

deformation-limited R’

(=]

brittle

general ’ ,
S| othor. | B2 | B2 | B3 | G2 [ Gz | G Vs Vaz | Vi3 comments
G . .=E /(2+2v,
UD, = v, =v_ E /E3
S | non-crimp Bl £ | EL | G | G| G Vi Mool i | g pc‘rpen—dic:dar to
f abrics quasi-isotropic
2-3-plane
6 | fabrics Ey E:- | E; Gwr | Gms | G wi | Var Virs | Virs Warp = Fill
fabrics Err Grrp Grrg o T
9 general. E},- Eg Gpg Vﬂ'}" Vs Virs W arp = Fill
Gu=Ey “(3".’&';{)
y i - 1 is perpendicular to
5 s E:u E-u E3 G\! G“” G'u’ Vu Vs Vs guasi-isetropic mat
plane
2 | isotropic | E E E G G G v v v G=E /(2+2v)
general
| orthotropic O | Or2 | Qs | Ohg | Kyz | Cus
UD =
5 non-crimp @, ar, ar, Xy Oy Oy,
fabrics Table of
. structural properties
6 fabrics Qnr Qnr Qr3 gy | Caar ags
fabrics
’ general Ay | O | OfF | Cygr | Oor | Qs
5 mat Oy | Ony | @ns | Cane| Chor| Cns
isofropic
2| forcompurioon | O | & | ar | @ | | au

Strength properties: NF:= Normal Fracture, SF:= Shear Fracture, R:= strength, o, 7 := indicate the fracture
responsible normal or shear stress acting on the fracture ‘plane’.
Hygro-thermal properties: T:= Thermal, M:= Moisture and Mat. 4, ¢ : not listed.
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Elasticity properties: E:=Young’s modulus, v.=Poisson’s ratio, G:=shear modulus. ||:= parallel to the fiber,

= transversal to the fiber direction; W:= Weft, F:= Fill, M:= Mat . v,, = (here!) larger Poisson’s ratio.
1:= lamina fiber direction, 2:= lamina transverse fiber direction across the width or the plane, 3:= through-
thickness direction; x ,y := principal in-plane laminate directions, z:= thickness direction (interlaminar)
28.3 Upcoming construction standards in Germany with comments

Standards in Germany are finalized, see Fig.28-2:
e polymer matrix: BUV 10 update
¢ mineral matrix: novel DAfStb-Richtlinie “Betonbauteile mit nicht-metallischer Bewehrung®.

BUV-Empfehlung
190
i 2019
perarbe™™ D 36 DAIStb UA
4 Tragende Nichtmetallische Bewehrung
Kunststoffbauteile
im Bauwesen [TKB] DAfStb-Richtlinie
- Entwurf, B°m:*:“"9t " », Betonbauteile mit nichtmetallischer Beweh-
un onstruktion -
&' rung
Stand 08 / 2010 5"’
q} Entwurf 19. August 2019
0 Cyan - Anderungen und gegeniber D 290
2Zwanzig20 - Verbundvorhaben Carbon Concrete Composite C? o
V1.2: Nachweis- und Prifkonzepte fir Normen und Zulassungen \\
b}:‘ Teil 1: Bemessung und Konstruktion
o ‘IT'el!g Bewehrunqwfoduhbfe
F @7 ‘el 3. Hinweise zur Ausfuhrung
[ cave zo':: } “V”;‘::"’ §’; % Teil 4: Prifverfahren
it el DAIR O J >
X :
61( 5 Notifiziert gemal der Richtinie (EU) 20151535 des Eurcplischen Parlaments und des Rates vom
¥4 ’ ember 2015 Gber en Informatons en 3uf dem Gebwet der technschen Vorsche: und dee
A & s S ¢ 0. Sepn 2015 vetah Aen
rbeits papier Bewehru ng Y §  Vondhihu i G Dar oo iomatargemachat (st Yo (B L 2011 vom
¢ 2015
Carbonbewehrung; Sorten, Eigenschaften, Kennzeichnung, Prifkonzepte QQ § I ?
- S B L e o o i o e
Schiusstassung V1.2 (16.07.2019) @ g angewandt werden dirfen, die Normen oder sonstigen Bessmmungen undioder technischen Vorschof.
[~ ten anderer Migliedstasten der Europlischen Union oder der Turkes oder einem EFTA-Staat. der Ver-
3 g tragspartel des EVWR-Abkommans ist. entsprechen. sofemn das geforderts Schutzniveau in Bazug auf
(5’ Sicherhet. Gesundhes und Gebrauchstaughchiet glechermalen dauerna® emecht wird
Ansprechpariner '
DAISt $ Herausgeber
FTA Albstadt ’g‘ m:::‘f?:r Ausschuss fir Stahibeton o V. - DASSIH
Glassondon GmbH Oschatz 3 Budapester Strabe 31
QK 1O Sheson ; 9:.0‘:76&1_.0«%“ 1320
M8 TU Dresden 4 N NI 144
ITM TU Dresden g inoQaibi de
5
°
:: WWWCMMMW(MNW‘MWNWL‘MWFQN
Warnhinweis: 3 wwvomrawwiwmot?u‘:-mm Varcmenticrung oder Tete
> CABLE I RAOMECIINBCNEM It ndere U vereTInge
Dieses Dokument steiit keine DIN-Norm oder Richtiinie dar. Ot
her standard works on fib
amwnmmnmm im Rahmen des Projekts C3 V1.2 wind ener GL‘ P el’-remforced
als moglicher Vorschiag fur eine Richtiinie erarbeitet wurde und im Rahmen des Pro- =ergy. re-work Deutsch, Materials are :
C3 L9 weiterentwickelt wird. °BUﬂdesbahn

Fig.28-2: Guideline work ahead in Germany, BUV10 update and D 36 novel

Comments of the author after a careful investigation of the two standard proposals, about 2020:

The DAfStb guideline “Concrete components with non-metallic reinforcement” is intended for
fiber-reinforced components with concrete matrix.

*For engineers it is confusing not to clearly say which fiber material group the guideline is for. The fiber
type CF, GF sets the limits of application.

*Originally for the open fiber grid the name lamella for a dense non-crimp fabric was used. The lamella
however was still intensively used in construction repair of corroding steel-concrete ceilings (see

Fig.28-3)
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*The suffix ., could be replaced by the indices of the polymer matrix world, namely for the pure fiber; and
the cured fiber strand .

*Why sticking further to the old German-originated letter f (strength). Still at the GruSiBau-time (about
1985, development of the excellent partial safety factor concept) the author used the international letter
R for the resistance entity strength in construction. Using the letter R — internationally and partly
nationally still started - makes life of engineers over the technical fences simpler, internationally at least.

The BUV-recommendation for load-carrying composite parts in construction is intended for fiber-
reinforced components with polymer matrix.

*Above two upcoming standards are not harmonized regarding the designations amongst
themselves and w.r.t. terms half a century internationally used in timber construction and also
with polymer matrices. This is all the sadder for the author, because he edited the VDI 2014,
sheet 3 guideline - initiated by civil engineers !- but not used in construction. The European
Codes hopefully will improve this unfortunate situation.

LL: Harmonization of denotations remains an urgent on-going task .

Surprising picture, Sambia 2011:
Learning from Crocodile and hippo??

Desire of the author: “It were good for
both the dicsciplines, mechanical and civil
engineering, to act side-by-side such as
croco and hippo document

Fig.28-4 presents a proposal for an ordering scheme.

Production of optimal structural components firstly requires an optimum design which includes the
connections / joints and possible materials.
Then the locally best materials are to determine and to sort out - regarding production -
to ensure the required optimum component properties considering sustainability.
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A
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Halbzeug 'C-Ply"
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Prof. Or.<ng. R. Cuntze, Jan20X0

Fig.28-3: Basic fiber-reinforcing products in Engineering

Normal- - Fiber 2)
Concrete %-.’:‘ water + cement (CEM |, CEM Ill) + max. grain > 4 mm Reinforced
R [— agg're.zgate (sand, gravel) + po§§|bly Concrete
Fine " g E additives, such as super-plasticiser, retarder ey o GFRC ¢
Concrete | © . . . CFRC
grid-type reinforcing structures PPERC i
Fiber-Concrete-Composite FCC PBOERC =
CRC A UDRC Textile-Reinforced Concrete TRC e
orCC & rope rebar | R-. Q- embroid- | Non-woven =
GFC Y |E| bar grid | grid e (randomly oriented, short fiber =
or GC L sandwich| oriented) \ong nuer g
=
@
£| 1D 2D Reinforcement Alignment 2D 2D —=3D 2D =-3D §
(]
g semi-finished products for reinforcements (endless fiber, long fiber) for %
= . E
CFRP x| UDply NCF : AOTwoven mﬁ:?:vement e
GFRP & lamella lamella fabric (randomly oriented, g
AFP h strips sheet oriented) iT
BsFRP
Fiber-Polymer-Composite FPC
- % closed reinforcing structures
Thermosets g'% SMC. o
Thermo- %' £ Resin Systems: . _ BMC =
plastics |Q. thermosets, thermoplastics, with catalysts etc.

Fig.28-4: Ordering scheme proposal for Fiber-Composite Materials FCM, construction-linked such as
Fiber-Reinforced Polymer FRP, Fiber-Reinforced Concrete FRC, CFRC:= CarbonFiber—Reinforced
Concrete, Bi-Directionally Reinforced Concrete BDRC, UHP-(short)Fiber-Reinforced Concrete, HPFRC.
Green couloured are still fixed notions.Matrix types of the Reinforcements FRPm = Fiber-Reinforced
Polymer matrix, Fiber-Reinforced-Mineral matrix FRMm. International subscipts f = filament, m = matrix;
superscripts t = tension, ¢ = compression
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29  Miscelleaneous

In this chapter some results of the author’s works are collected, which have been discussed in his
various working groups.

29.1 Construction-linked Additive Fabrication AF

Classification of fabrication processes: Subtractive processes (waste), Formative processes and
Additive processes (automatically digitized fabrication now) [VDI 2403]. The term manufacture is
not accurate: Manus and facere — means made by hand.

1. In subtractive processes, the geometry to be created is created by defining the removal of
individual volume regions. Typical representatives of this group of manufacturing processes are
machining processes such as turning, drilling or milling. (timber construction etc.)

2. Formative processes refer to the production of geometries by forming in compliance with volume
constancy. Formative manufacturing processes are deep drawing, forging or primary forming.

3. Additive fabrication processes create a geometry by joining together volume elements (so-called
"voxels™), such as the standard processes concreting, bracketing, plastering a wall etc.

The engineer’s desire is to obtain accurate process names in the additive fabrication point 3, the
term 3D-print does not give a clear process information. Therefore some basic definitions

application
of a layer of
powdered material

Fig.29-1: Particle-bed technique (up left), Mortar strand depositing (up, right);
(below) Peri GmbH 2021,building a two-story house in Beckum
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are provided for construction. The two basic digitized additive fabrication processes in
construction are to term:

(3a) Powder bed process: true original 3D horizontal slice printing in construction
Total cross-section including the 'openings' is produced in a powder bed layering process. Layer
thickness is usually << 1 mm. (for formwork production, usually). Technique Selective Laser
Sintering, does pretty well correspond with the printing definition ‘Procedure, to apply something
by pressure like printing a book’.
(3b) Extruded mortar-strand deposit process: is no 3D printing in the original sense
Total cross-section including 'openings' is produced in a 'path tracking operation'. Layer thickness
is several mm, depending on the strand thickness. Technique Extruded mortar strand deposit.
L

* Any material that can be glued, welded or melted can be used in AF. For industrial purposes, metals,
plastics, sand and ceramics are common materials, but the process is to adapt

* The extrusion process is for walls and other compressed load-bearing building structures!. That’s why
there is no fully ‘3D-printed house’ existing.

* Cost-effective conventional ceiling slabs are still required

* Any material that can be glued, welded or melted can be used in AF. For industrial purposes, metals,

plastics, sand and ceramics are common materials, but the process is to adapt.

—

29.2 Buckling analysis versus Strength analysis

This chapter provides introductory information about buckling of columns (beams), plates, panels
and shells. It shortly addresses just essential features in stability analysis (speaking stability is more
positive than buckling).

This chapter is just dealing with static stability problems. It covers a very basic background in order
to guide the practicing designer to better understand the manuals of commercial analysis software.

The following contents basically stems from the creation of the ESA Buckling Handbook, ECSS-E-HB-32-
24A. Cuntze was first convenor and founder of the team as well as a co-author of the later prepared HSB
40100-04] from R. Cuntze and J. Broede. Noteworthy: In the HSB, section 40000, for a wide spectrum of
columns, rods, rings and deep beams design sheets are found. The same is given in the chapter plates where
the available design sheets on anisotropic plates provided by J. Broede and colleagues are outstanding sheets.

[ structural element endangered by buckling ]

I

: ! ! }

columns & beams flat plates & panels| | curved panels shells
isotropic COMPeSAe iSOlropi composi 1501ropi COmMpasite isctropic COmpasite

stiffened & un-stiffened

*

L 4

g

g

Fig.29-2: Breakdown of buckling of endangered structural elements [Cuntze, ECSS]

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 256



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Different levels of analysis complexity are treated in the literature above. Going in steps from the
lower level of complexity to the higher level of complexity (which will be denoted as a “hierarchical
approach”) the structural analyst is able to carry out and finally to successfully interpret analyses at
the highest level of complexity, typically finite element computations (see [CUN22]).

In structural design the following subjects must be demonstrated: Material Strength, applying SFCs,
strength criteria, and Structural Strength, applying buckling resistance conditions. Fig.23-3 compiles
these subjects.

P nominal dimensions
etermination o =
properties, Average quantities:
arameters 2.g. elasticity properties - s
P gphysic al ;yropp e:}')tie 5 condition 'onset of yielding'
strength properties R initial composite failure
stress-strain curves structural analysis
- - ideal reference configuration:
design ultimate level Mooy o classical determination
stresses (section loads or loads) of buckling strength

. : I
Sienctural spbject prediction of ideal critical
4 stress = buckling strength

|strength analysis | | stability analysis' Ogp= Oy (¥ and Z, geomelry,

boundary condition )

Material subject

non-linear + .
— — imperfections Schonof redl
failure conditions for onset of fracture HiF§: KDF gt —» 1 predictionof real average
'final failure', fibre fracture,... (charact) buckling strength
delamination 4 h 4 Ocr 4= Oy - KDF et

v [ by application of minimum data $

< consideration of unceriain design parameters:
statistically Lm properties, geometry, support conditions, imperfections,.. statistically
verified verified

strength T = Rupaterial T,y = Rstability buckling strength (stability)
design allowable R A 4 design allowable Ry,
statistically based A : . T 7
I strength demonsl:ranonl MOS = 0 | stability demonstrauonl

Fig. 29-3: Visualization of the (actually) required deterministic input demands.
KDF usually corrects difference of calculation model to experiment (50% expectance value), k:=buckling
factor (from handbook tables), MoS:=Margin of Safety

Using such an engineering procedure the engineer is able to analyze the stability of (large) structures
composed of structural elements, also referred to in literature as structural components or structural
items. The term structural element includes typical elements such as columns and beams, plates,
panels, and shells. In practice these structural elements often contain structural details, e.g. shells
containing openings or reinforcements. The associated “basic” structural elements, the elements
without structural details are denoted in the ECSS as “Typical Structural Elements”. Non-axial
symmetric shells and truss systems are not addressed in the book.
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29.3 Annex on other Works of the author

If one might be interested one can find information on the following subjects in the author’s
compilation [CUN22] especially on the various projects at MAN the author was involved.

- Influence of low Cross-sectional Shear Rigidity and Rotatory Inertia on the Critical Speeds of
Shafts with Uniformly Distributed Mass (1984 for centrifuges

- The Influence of Cross-sectional Shear Flexibility and Rotatory Inertia on the Natural
Frequencies of Beams with Uniformly Distributed Mass (1983)

- Natural Frequencies of a Cracked Beam for Production Quality-testing of Rotor blades

- Design of the Metallic Energy storage Flywheel for the floating crane ship Swartow (1982)

- Design of Fiber-reinforced Gas-Ultra-Centrifuges, GUZ (1971-1986

- A New concept of a Composite Flywheel due to novel fiber-reinforced materials (1988)

- Increasing the Limit of Usability of CFRP Tubes by Built-in-Stresses (1993)

- Structural Reliability, Factors of Safety and Design Values, §12

- Some Winding Theory of Filament Wound Pressure Vessels, §20.

The author’s annual books piled up over the decades.

The author’s
Annual booklets

with their
technical project-records
from
1970 up to 2023

29.4 First Discussion of the applicability of the FMC (VDI 2014 working group, 1994-1995)
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29.3 Some Final Notes from Personal Experience

v Mechanics remains one very essential basis when developing light-weight structural components
and Artificial Intelligence (AI) with its algorithms is a helpful supporting tool

v Only System Engineering with experienced engineers using mechanics and the necessary other
disciplines - together with Al - enables to produce qualified products

v' At the end someone has to sign that the developed structure will work and by that will take over
responsibility. This experienced person is the absolutely necessary ‘plausibility checker’ for the
obtained analysis and test results including generic Al-supported results.

v" Bridge disciplines and materials by showing up similarities to simplify engineering life!

v' In the present multi-physics applications product development is the work of several experienced
engineers. Otherwise one does not deliver qualified ‘Multiple function structural products’.

v' In the case of bending of FRPlastic- and FRConcrete-parts carbon fibers can be only exploited
using pre-tensioning and thereby compressing the tension-sensitive matrices Plastic or Concrete

v’ Viewing SFCs, one must be careful with conclusions reported in literature (unpleasant personal
experience): SFC model modifications - created by another author - are used under the name of
the originator and then poorly rated, however, the modification was not reported!

v’ Experienced engineers know: “Check your test together with test data evaluation. Check your
analysis including assumptions.”

v’ There is a rationale to take a distinct o — ¢ curve: From risk analyses and decision theory the
best prediction will be achieved by applying the mean(os,g)-curve = 50% probability !

v’ Certification by Analysis, only: Here, simulation can optimize the output of the usually only

permitted minimum number of physical tests, and enabling to better manage risk and improve
prediction.
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30 Glossary Book, Contributions to Handbooks, Guidelines etc.

30.1 “Technical terms for composite components in civil engineering and mechanical
engineering”

The construction industry is an industry in which the topic of high-performance fibre composites
IS not yet established on the one hand, but where there is enormous application potential on the
other. Against this backdrop, Carbon Composites e.V. (CCeV) in Augsburg has founded a specialist
department "CC Bau (construction)".

For CC Bau, this repositioning meant that Fibre-Reinforced Plastic (FRP) - and the various fiber-
reinforced concrete matrices had to be covered. i.e. ‘fibre-reinforced concrete'. The latter envolves
endless ‘(roving)-Reinforced Concrete’ (RC) as well as ‘(short) Fibre Reinforced Concrete’ (FRC).

The following matrix applications must therefore be captured: (1) Polymer matrix-related, such
as Glass fibre plastic pipes and containers, wind rotor blades and pedestrian bridges in GlassFRP
and CarbonFRP as well, and (2) Concrete matrix-related, such as textile ‘fibre grid’ (mat) -
reinforced concrete bridges and machine foundations, overhead line masts, industrial floors, multi-
storey car parks, silos, prefabricated garages, transformer houses, offshore applications, tubbings,
sandwich facade panels, un-tensioned and tensioned bending panels, FRP shells and bridges.

Further, a big topic is the rehabilitation with FRP-‘lamellas’ (tapes, strips) such as the reinforcement of
a ceiling plate (slab), because of increased moments, using CFRP-lamellas applied by surface bonding,

Carbon Fibers in the construction industry reduce the concrete amount, which is positive for the
CO; footprint due to the reduced clinker production required and are sustainable due to their non-
corroding behaviour in contrast to steel.”

Purpose of this Glossary:

Borders between engineering disciplines are disappearing,
more and more. It can also be noticed that in the different fields
of the fiber-using industry there are different "speeches" and that
technical terms are sometimes used very differently. Several

groups of engineers would therefore have to be connected Ralf Cuntze

conceptually so that they understand each other correctly when | &8

making decisions. These are 'constructive' engineers from Fachbegriffe

building industry and mechanical engineering and further, fiir Kompositbauteile —
engineers from the textile and material range as well as from Technical terms
manufacturing. for composite parts

This glossary focuses especially on carbon fibers CF and
concrete matrices. At the beginning it presents a first scheme of
order for the different, interconnected disciplines. At the end, a
picture gallery illustrates technological details and applications. R
This gallery just includes carbon applications from construction
industry because these are less known.

€) Springer Viewe

Mathematisches Buch Kérberstiftung

30.2 “Handbook for the German Ministry of Defense on a Safety Concept for Fiber
Reinforced Plastic Structures™. Koblenz, 1992 (in German)
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Cuntze R., Rackwitz R., Gollwitzer S., Plica S. and Stoeffler G.

30.3 “ VDI 2014 Sheet 1-3” (1980 - 2006)
*Editor of the VDI 2014, sheet 3, (2006) and contributor to sheets 1 and 2
*Presenter of a draft on “Reliability & Safety”

VDI 2014-dedicated Meeting at Dresden University (September 1990)
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M-A-IN

NEUE TECHNOLOGIE

Protokoll der 1. Sitzung des FKV-Diskussionskreises am 6.12.83

bei- der Fa. MAN-Neue Technlogie, Miinchen

1. Anwesende Diskussionskreis-Mitglieder

Herren Prof. Ahrendts
Dr. Bansemir
Bessler
Buchs
Dr. Cuntze
Prof. Einsfeld
Dr. Geier
Prof. Giencke
Lutz
Prof. Moser
Prof. Puck
Dr. Rother
Dr. D. Schiitz
Dr. Schulte
Dr. Stellbrink
Dr. Wurtinger

Die Anwesenden danken Herrn Krawinkel fiir die Einladung und das
Nikolausgeschenk des VDI.

2. Kurzvortrdge
Die Vortréage wurden bis auf den Beitrag Lutz/Moser

“Sicherheitskonzept” gehalten. Der aus Zeitgriinden entfallende
Beitrag liegt als Anlage dem Protokoll bei.

3. Vorstellungen zum Thema Diskussionskreis

Die Nitzlichkeit eines derartigen Diskussionspodiums wurde allge-
mein betont.

Als zeitlichen Abstand zwischen Zusammenkiinften konnte ein Jahr
vorgesehen werden.

Form M 5619
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Data —driven engineering
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Protokoll der AusschuBsitzung VDI-Richtlinie 2014, Teil 3 am 21.6.2000 in Darmstadt

Sondersitzung "Schwingfestigkeit", VDI Richtlinie 2014, Teil 3

Ort: Institut fiir konstruktiven Leichtbau und Bauweisen, TU Darmstadt
Datum: 21.6.00, 9:15 bis 16:30
Thema: Wie wird der rechnerische Schwingfestigkeitsnachweis fiir Faser-

Kunststoff-Verbund-Bauteile in der Praxis gefiihrt?

Teilnehmer:
Prof. Cuntze MAN-Technologie
Prof. Schlirmann Institut fiir konstruktiven Leichtbau und Bauweisen, TU Darmstadt
Herr Gerharz LBF Darmstadt
Dr. Huth Fairchild Dornier, Oberpfaffenhofen
Herr Osthorst Aerodyn, ...
Herr Garbe ehemals TUD und LBF
Herr Denzin Institut fiir konstruktiven Leichtbau und Bauweisen, TUD
Herr Scholz Rolladen-Schneider Flugzeugbau,
Dr. Huybrechts ABB Forschung, Heidelberg
Prof. Puck ehemals GH Kassel
Dr. Gaedke DLR, Braunschweig
(A Herr Kleinhansl Aero Dynamik Consult, ...
Dr. Wacker Germanischer Lloyd, HV Hamburg
Herr Kensche DLR, Stuttgart
Herr Lutz IMS, Innsbruck
entschuldigt:
Dr. Hachenberg DASA, Hamburg
H. Emmerling ECD, Ottobrunn

Anlass der Sondersitzung:

Beim Endbearbeiten des Kapitels 'Schwingfestigkeit' kam der AusschuB Uberein, nachzuprifen, ob
nicht doch ein paar Vordimensionierungsformeln dem Leser bereitgestellt werden kdnnen. Dazu solite
ein Expertenmeeting stattfinden, zu dem vornehmlich industrieleute eingeladen werden, die solche
Nachweise zu fihren haben.

Bemerkung:

Die stattfindenden 'Fatigue-Conferences’ (s. Anlage) geben hdchstens Hilfe, das Thema Ermidung
{Schwingfestigkeit) zu verstehen, bieten aber keine Unterlagen fUr das Aufstellen von
'Auslegungsformeln’.

1. Ausfiihrungen der einzelnen Teilnehmer

Wacker

Der GL gibt in seiner Windfligelrichtlinie Hinweise zur rechnerischen Durchfiihrung des
Schwingfestigkeitsnachweises. Wacker verteilt das diesbezligliche Kapitel der GL-Richtlinie.

Im wesentlichen basiert der rechnerische Schwingfestigkeitsnachweis auf folgenden

Grundlagen: .

o Die Zeitfestigkeit des FKV wird durch eine synthetische Wohlerlinie (sog. Typ 2, d.i. Gerade
im doppelt-logarithmischen MaBstab ausgehend von der Kurzzeitfestigkeit bzw. deren
charakteristischem Wert) beschrieben fiir R = -1

o Annahme: Giiltigkeit des Goodman-Diagramms vorausgesetzt zur Umrechnung auf andere
Spannungsverhdltnisse R

e Annahme: Giiltigkeit der Miner Regel

Die Neigungen k der Wéhlerlinie N"®sind in der GL-Richtlinie angegeben mit:
e k=9 fur GFK mit UP-Harzen

e k=10 fur GFK mit EP-Harzen

e k=14 fur CFK.

Seite: 1
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ICS 59.100, 83.140.20 VDI-RICHTLINIEN September 2006

.
VEREIN Entwicklung von Bauteilen VDI 2014
DEUTSCHER aus Faser-Kunststoff-Verbund
INGENIEURE Berechnungen Blatt 3/ Part 3
< Development of FRP components
58
S (fibre reinforceq plastics) N daeticheaRes
8t Analysis e oYt e
3 o
5S 8
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VDI-Richtlinien Juli 1985

VEREIN Entwicklung von Bauteilen VDI 2014
DEUTSCHER aus Faser-Kunststoff-Verbund Blatt 4 (4. Entwurf)
\ = Zusammengestellt
INGENIEURE Zuverlédssigkeit und Sicherheit R Cuntze. MAN
Development of FRP components Einspriiche bis 72,72,1995 an
(hbre re.mfon:d P.l”““) Verein Dewtscher Ingenieure
Reliability and Safety VDI-Gesellschaft Kunsistoffrechnik
Postfach I10 17 39
SN2 Disseldorf
Inhalt Scite
Vorbemerkung .......ocvieensemrressreres: X 6. Bestimmung von Kennwerten
2 6.1  Definition und Verwendung vor Dimensio-
1. Anwendungsbereich, Nutzen........iiiiinnee, - AR ERTEIEN (o pse
2. Abkiirzungen, Begriffe, Symbole c.ccmerirmiieresionns 6.2  Ermitlung der stausnschen Paramctcr aus
3. Nachweis MACHCMEN - <
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mentellem Nachweis .. 7. Produkisicherung.......
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3.3 Experimenteller Nachweis .....ocoieiiiiiiianins 7.2 Qualititssicherungskonzept und Integntats—
4. Traditionelles Sicherheitskonzept (TSK)....... - konrrolle mit Prifmethoden...
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30.4 “German Aeroautical Handbook” (‘Airbus design folder’)

Luftfahrt-Technisches Handbuch (LTH)

HSB

HANDBUCH STRUKTUR
BERECHNUNG

Fundamentals and Methods
for
Aeronautical Design and Analyses

HSB
HANDBUCH STRUKTUR General description Issue E Year 2018 D i h b
BERECHNUNG Page 1 of I W esign sheet contributor
1972-2015
O Co- reworker and Co-

translator of the "Airbus’
structural handbook into English
(2004)

IASB 1972-2024
First paticipation:
July 1972,
Session 12.
Last participation:
July 2024,
Session 185
at Ottobrunn.

2
3
a
?‘; issued by
§
B3
i < INDUSTRIE-
s AUSSCHUSS-
iz ] ;l .; STRUKTUR-
= o=t BERECHNUNGSUNTERLAGEN
ol
3
; Prapama Creced: Dab: —
: Dr. M. Schagerl Dr. M. Magin 22.11.2018 | IASB/IVW

TNt Avteachutes SN B LT g (R SH1 AL 1 sws Ao, G orfichon | 4 v propehs basy b smsent

igially signed by Michee! Magin
DOete: 2020.20.20 001308 C25T
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30.5 “ Weekly course: Development of Fibre Reinforced Plastic Components” (1986, 1989)

SHORT COURSE
DEVELOPMENT OF FIBRE REINFORCED PLASTIC

COMPONENTS

Pretoria
lé6th to 18th April 1986
repeated 1989

Presented by : Dr R G Cuntze
Course Organizer : P A Coetzer

Inviting person Prof. P. Haarhoff, right

) | 7

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 272


http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

After tackling the Table Mountain
alone. Warning: climb through the
area of very poisonous snakes
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30.6 ESA/ESTEC Contributions: Since 1970 for the ESA/ESTEC Material Handbook and down
Organizer of below Working Group (WG), convenor and contributor”

ECSS-E-HB-32-24A
B i This Handbook has been authored and agreed upon by :
J. Arbocz, TU Delft
C. Bisagni, Politecnico di Milano
A. Calvi, ESA-ESTEC (Convenor)
E. Carrera, Politecnico di Torino
R. Cuntze, formerly MAN-Technologie
. R. Degenhardt, DLR Braunschweig and PFH Géttingen
‘,"EM N. Gualtieri, Thales Alenia Space
H. Haller, Intales
N. Impollonia, Universita di Catania
M. Jacquesson, CNES
E. Jansen, TU Delft
H.R. Meyer-Piening, ETH Zuerich

Space engineering Oy B S ducken
A. Rittweger, Astrium EADS
BU Ck“n g Of structures R. Rolfes, Leibniz Universitaet Hannover
G. Schullerer, MT Aerospace

G. Turzo, CNES
T. Weller, Technion, Haifa

EUROPEAN COOPERATION

FOR SPACE STANDARDIZATION

ECSS Secretariat J. V\’ijker, Dutch Spaft‘
ESA-ESTEC : o i . o
Requirements & Standards Division The valuable contributions of the following persons are acknowledged:
Noordwijk, The Netherlands

C. Huehne, DLR Braunschweig; D. Petry, Astrium EADS;
H. G. Reimerdes, RWTH Aachen; K. Rohwer, DLR Braunschweig;
R. Zimmermann, DLR Braunschweig.

The ECSS-E-HB-32-24 has been prepared by merging the volunteer contributions of the authors.
Comments concerning the technical content of this handbook will be welcomed by the European
Cooperation for Space Standardization, Noordwijk, the Netherlands, www.ecss.nl.
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BUREAU OF LIGHTWEIGHT STRUCTURES Date:
Feb. 02/03
MINUTES OF MEETING 2006
Location : INTALES at Technical University Innsbruck (A)
Object : ECSS-E-30-24 Buckling Handbook (BH): 4th 74
Meeting Place and Time:
- Firstday:  Startat 9.15, End at 18.00
- Second day: Start at 9.00 , End at 15.30.
List of Participants:
Name | Acronym | Company | Remark
Full members and supporting members

Johan Arbocz JA TU Delft -

Paul Arendsen PA NLR. Holland -

Gerd Bertrand GB AIRBUS-Germany. Hbg. no resp
Vincent Billey VB EADS-ST LM 02/03-
Chiara Bisagni CB Politec Milano 02/03
Adriano Calvi AC ESTEC 02/03

Erasmo Carrera EC Politec Torino S
Ralf Cuntze RC (convenor) Bureau Cuntze 02/03
Richard Degenhard RD DLR, BS 02/03

Bodo Geier BG DLR. BS -
Nunziatino Gualtieri NG ALENIA Spazio 02/03
Herbert Haller HH (secretary) INTALES, Innsbruck 02/03
Eelco L. Jansen EJ TU Delft 02/03
Marie Jacquesson MJ CNES DLA (EVRY) 02/03

Ali Limam AL INSA Lyon =
H. R. Meyer-Piening HRMP ETH Zuerich 02/03

Huba Oery HO RWTH Aachen =
Dirk Petry Dp ASTRIUM EADS 02/03

Hans G. Reimerdes HGR RWTH Aachen <
Michael Rotter MR Uniy. Edinburgh 02/03

Andreas Rittweger AR EADS Bremen never response

Raimund Rolfes RR Uni Hannover 02/03
Giinther Schul GS MT-A pace Augsbi 02/03
Guy Turzo GT CNES Toulouse 02/03

Jaap Wijker JW Dutch Space -
Rolf Zimmermann RZ DLR, BS retired

New and visiting members
[ J =

Diffusion : participants + non-attending WG members + T. Henriksen + Athena Tilson.

Thanks to Herbert for providing us with such a nice weather.
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Again, my thanks for the fruitful and effective discussions, for taking over work for the preparation of
the BH draft, and to Michael for helping to substantiate ‘our” ECSS handbook by inputting ‘things’
from *his’ civil engineering ECCS standard/handbook (of mixed type)!

Further Meetings planned:
5™ Meeting: End of April, Bremen, EADS (Dr. Rittweger) + AIRBUS (Mr. H. Wellen)
Discussion of Large Structure Examples, permitted for being published in our Buckl. Hdbk.
To be fixed by RC with Rittweger and Wellen! Desired: April, 18-20
6" Meeting: planned: June 26-27, Edinburgh (Prof. M. Rotter)
7" Meeting planned: Sept. 21-22, Milano (Prof. C. Bisagni)
8" Meeting planned: first advent week (In 2006 is the latest possible begint), Dec. 4-8 !, Munich, DP
ot Meeting
DISCUSSION POINTS AND RESULTS
1) Welcome, Introduction of new WG Member Prof. Michael Rotter

2

Discussion of MoM, 3rd Meeting, Hal No

3) Discussion on next meetings Results see above.
4) Discussion of Action Items List (AIL), 3rd Meeting, Hannover Status of Actions
- A19: Linked to A46 are linked concerning strategy. A common agreement is suggested.
Impact from later presentation by Michael Rotter to be included.
- A49: The tracking of doc: Marking for example by letter “X” and date for the version (whole
doc). Result of discussion:
Name of doc.: (Sub)Chapter Title.(acronym date)
Example §1_3 Analysis Methods (NG 110¢12005).
- A62: CB tries further to get agreement from system engineer an input for §3.2
- A64: CB did some analyses and the action is closed for CB. HH tries to do some analyses
till next meeting
- A70 RC provides MR and PA with info till 15.2.06
- A77 will be taken over by EJ. RC will inform TW until the next meeting

5) Discussion of contents of Website Folders of the Buckling Handbook.
All folders of the BH Website have been looked at and actual uploaded contents discussed.
- Direct actions are directed to the AIL
- The Hdbk draft will be uploaded as .pdf file.

6) References
- The reference list will be attached to each chapter
- The references will be handled by full authors name for preparation
- The citation will be changed to bers after checking procedure of WG, tbe see A91,
for final draft to be delivered before Public Review
- Equations, Tables, Figures: follow the referencing system of the other ECSS-handbooks
- Paragraphs: As it is.

20f7
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7) Checking/Reviewing of a Working Document = DRR folder (proposition from NG)

Presentation by RC

- The DRR folder within a chapter folder is the area for submission of review results.

- In order to not forget any correction proposal, comment etc. the official Document Review
Record (DRR) form sheet for ECSS Standards shall be taken, see Website: DRR for
E-30-24, template and for one example(of RC), see DRRs folder for
corresponding ECSS Standards.

Procedure if you wish to write a DRR, on chapter 2.3 e.g.,
* Download the template from the Template Folder
* Update the completed file named, e.g. DRR2_3 FlatPanels (EJ110ct2005) RC dute , as
seen above, where RC here means the initials of the author of the DRR
® Upload the document to the folder Working Documents
§2.3 Flat Panels
Chapter DRRs.

8) + How to get on BH Website? Repetition for PA.
GOOGLE—ECSS—Log in—My Team

9) Presentation of Company INTALES by HH

10) Presentation about Shell Structures (Analysis, Failure modes, ECCS Handbook) by MR.
Prof. Rotter was invited to present in Innsbruck his institute + past ECCS activities + how
ECCS may contribute to ECSS BH.
There are valuable parts/ideas/figures/tables. However, the (legal) possibility of implementation
of which will have to be considered by us when taking over something.

11) Example for BEAM buckling presented by HRMP
Varmble cross section values — Finite Diff. on Excel Sheet

to a solid propellant launcher on launch pad

12) Commitment of RC and RD as compilers for §1.7

13) Full TOC urgently needed.
Therefore, RC needs the not yet structured SUB-TOCs of the respective compilers in order to
complete the Handbook TOC

14) Paul Andresen may take over §2.4 Flat Panels (information from EJ)
15) Drafting of §1.8

To A92: RR encourages JW to begin drafting.

Also ask the contributors to give their statements by 1¥ march 2006.

16) Proposal for § 1.7 ,Manufacturing Aspecls“ (see Website §1.7). Presentation by RC
The propnssl necessary for lhc upcommg discussions of RC + RG with manufacturing

has been di d lified and uploaded
New: §1.7 Buckling implications of facturing and bling p
1.7.1 Sensmve parameters for buckling
1.7.2 Metallic materials
3of7
ECSS-E-30 24 BUCKLING-HANDBOOK (BH) ACTION ITEMS LIST
Status: November, 08/09, 2006 at MT Augsburg for next meeting
Action Description Actionee | Deadline Status
gl use of verbs EG | 300505 | closed
2.| 27/04/05 sketch on validation/verification to Work Docs RR 15/05/05 closed
3. 28/04/05 putting MoM attachments on website AT asap ongoing
28/04/05 WG BH member list RC 15/05/05 |  closed
28104/ teview of NWI (basis for Work Plan discussion) all | 20/06/03 closed
28/04/1 plausibility check list for analyses RC 08/07/05 |  closed
.| 28/04/¢ input glossary/definitions from SRUCTURAL NG 15/07/0. closed
.| 28/04/ clarification of Consideration of operational aspects | AC, MK _| 20/06/0! closed
28/04/ clanification of the meaning “Documentation of NG, MK | 20/06/0: closed
lessons leamed during design, manufacturing.
verification and
10 28/04/05 copy right problem (we use source data) EG. AC | 20/06/05 | response text
required
11] 28/04/05 | recommend. to fill in the date on 1" page of Hdbk ? RC 20/06/05 closed
12 28/04/05 asl\ing INSA colleagues for their vacant time RC 20/06/05 closed
13 28/05/05 | provision of ASTM website on “council on codes & AC 20/06/05 closed, on
standards. committee 60" website
28/04/05 fill in the Report Form for EP Tuly 05 closed
28/04/05 volunteers for contributions, part | through 3 20/06/05 closed
28/04/05 collection: contributions to sub-chapters 20/06/05 closed
28/04/05 downloading possibility from our website: for asap closed
members, only
1§ 28/04/05 template for handbook from secretariat . AC | 20/06/05 open
19 28/04/05 flow chart How to run buckling 20/06/05 closed
20 28/04/05 search for further volunteers for checking 20/07/05 ongoing
(especially those which cannot attend the meetings)
21 23/06/05 asking HRMP for a Part 3structure example or a RC 01/09/05 closed
Noordw. Part 2 structural element example
22 23/06/05 | contributions from EADS-ST France (Aerospatiale) VB 15/09/05 closed
required for §3.1
23 23/06/05 | issue of an address list incl. acronyms (add to next RC 15/09/05
MOM) oo
24 23/06/05 does ESTEC perform Structure buckling tests? AC 15/09/05 closed
24 23/06/05 | interviewing Dr. Vollrath, VDI, for taking VDI2014 RC 01/09/05 closed
Guideline as a Reference Doc and its§6.2, Stability,
as a Work Doc
2 e Part 3: from Columbus receivable? NO! NG 15/09/05
2 giving V. Billey and B. Geier full access to website | Athena asap
2! 5 processing and distributing of a Work Plan draft RC 01/08/05
2 5 adding NASA docs to website AC provides link EJ, AC 21/07/05
30 _3106/05 interviewing Dr. Clormann, MAN Technologie, for RC 15/09/05
examples Part 3 (Lox-Tank, Front Skirt, Booster,..);
31| 24/06/05 | interviewing Hr. Wellen. (fuselage shells, composite | RC, GV 15/09/05
bulkhead...). §3.3 112006
32 24/06/05 | interviewing Dr. Rittweger, EADS-ST Bremen for RC 15/09/05
examples, Part 3 (link to A 30 1)
33 24/06/05 interviewing Prof. Schwarmann, Airbus, for RC 15/09/05
examples at Bremen and Hamburg
AIL Ottobrunn 04/07/06 lof 8 16.11.2006
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1.7.3 Composite materials.

17) GT shall provide a p: ion on the ofa for Bremen

18) Di ion: Should be d to the handbook for design reasons, only?
* Software: - not certified ‘little’ programs, no maintenance (author may be addressed)
- Teaching software and checking tools for the more sophisticated FE codes
- Not foreseen for production aspects
* Description of Software: Scope, Theory, Limitations
* Simple Program Structure.
Final Conclusion of Discussion: Decision will be taken at 5 meeting in Bremen. Majority voted
for an annex of little programs on EXCEL sheets etc. ..

19) Lack of support by ECSS Secretariat (reported by AC)
Due to this lack the WG members are asked to produce the Figures and Tables as far as possible
on their own.
Discussion on a support, again, when the preliminary Hdbk draft will be finalized for Public
Review.

20) Which are the ‘design limit states’ to be applied in the non-linear buckling analysis?
Load reached at stop of a numerical computation; deformation or strain as a usability limit state;
initiation of global yielding or of local yielding; initiation of inter-fibre fracture in a lamina of the
laminate; delamination; or ??
To be discussed at Bremen.

21) TOC Structure of Large Examples
A s(rucmr: for the body text of the Large Examples was presented by RC (see Website §3.1) and
ds to give Test-Analysi: lation an own chapter.
This slructure may be improved by WG mcmbm in order to find a more general structure. Of
course, the structure can be tailored by each chapter compiler, if necessary.

22) Virtual Testing shall be mentioned in the handbook

23) TOC Structure of Structural Element examples
A structure for the body text of these examples was presented by RC (see Website § 2.5, shared
area) and discussed. The application was for a CFRP cylinder at DLR Braunschweig.
This structure may be improved in order to probably find a more generally applicable structure. Of
course, the structure can be tailored by each chapter compiler if necessary.

24) Subgroup fixations
- Ali Limam, Paul Arendsen and Michael Rotter will take over work.
- Rolf Zimmermann still contributes to the sub chapters he addressed before his retirement.

Best regards, Ralf & Herbert. 07/02/06
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34 24/06/05 | attempting to put GARTEUR results on website: | BG,RD | 15/0206 |  closed
BG checks potential contributions (Nov. Hannover) .

35 24/06/05 upload Koiters article on curvature parameter EJ 01/08/05 closed
36 24/06/05 PDF draft of BH to website before each meeting RC 10/09/05 ongoing
37 24/06/05 presentation on COC! OMAT (deslgn verification, AK 2 meet. closed
glossary
38 24/06/05 wit, definitions nddmg BG article on Structural BG 01/08/05 closed
viour to Work Doc
39 24/06/05 | setting up and distributing a list of the Work Docs HH closed
| (although still on website)
40 24/06/05 setting up and distributing a list of the Reference HH closed
Docs (although on website)
31| 24/06/05 Tinding a specialist incl. compiler for § GT.RC. asap pending
Manufacturing Aspects (see SMH group) RD. all 09/2006
42 24/06/05 | wforming RMP wrt Ziirich on meeting requirements RC 01/08/05 closed
43{ 24/06/05 implementing DRI Buckfing as Work Doc NG 01/08/05 closed
44 24/06/05 | wrt “Engin. language™: Can we get a PDF of Bush- EJ 01/08/05 closed

Almroth?? If yes, add to Reference Docs

45 24/06/05 | wrt accurate property input for all materials (ductile
aerospace metals, usually brittle composites, ductile
GLARE hybrid composite, etc.): generate a table for

the elasticity properties RC
for the strength properties RC 01/09/5 closed
for the hygrothermal properties RC
46 15/09/05 | handbook flow chart at beginning is required HH asap closed
Zuerich
47 15/09/05 | checking whether the ECSS ordering terms for the EG asap closed

Handbook (not a standard!!): paragraph, section,
chapter are correctly used 22?

15/09/05 DRD on Buckling is added to website RC 01/08/05 closed
49 15/09/05 Tracking of Buckling HB draft changes ECSS + asap Still under

WG, AC | 15/01/06 | discussion
15/09/05 Preparation of general list of symbols (collecting RC 1711705 closed
from members) as basis for discussions. this list will
be enhanced if necessary
51 _15/09/05 Input for action 50, Send to RC (nothing received) all 23/09/05 closed
52 15/09/05 | Discussion between NG + RR about §1.1to finalize | NG.RR | 30/09/05 closed
point
53 15/09/05 Ask HGR and HO to make a TOC §1.4 to be RC 15/10/05 closed
discussed at 3" meeting
54 15/09/05 §1.5.1 (new). §1.5.3 proposal for draft RC 4/11/05 closed
Sa 5/09/05 §1.5.2 proposal for draft CB 4/11/05 closed
56 15/09/05 §1.6.3 proposal for draft (sce A100) JB.RD 15/10/05 closed
5/09/05 Ask JB for contribution to §1.7 GT 15/10/05 closed
(JB cancelled
Comments about §1.9 to CB MJ, GT 15/10/05 closed
15/09/05 Information from RC to compilers: RC 23/09/05 closed

Tanchum Weller for §2.3 . Bodo Geier for §2.4.
Jerome Buffe for several chapters in PARTS 1 1o 3.
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30.6 Author-founded Germany-wide group BetriebsfestigkeitsNachweis BeNa (in 2010) Blchlein

Founder of the German (beside all B,8, B, Schiurmann, Gude,, B, Horst,?, ? and ) Considering the high-
performance UD lamina-composed laminates the classical fatigue tests are performed on laminates. The idea
of the author-founded Germany-wide group BeNa (in 2010) with his colleagues however was to base fatigue
life prediction ‘embedded lamina-wise’ in order to be more general in fatigue life design in the future and to
save test CoSts and time. Associated test specimens shall capture the interface effect of the lamina embedded

in the laminate.
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Names:

30.7 “MAN-Project leader of the funded Research on UD Fracture Criteria”, SFC Puck
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FORTSCHRITT-
BERICHTE

R. Cuntze, R. Deska und B. Szelinski, Karlsfeld
R. Jeltsch-Fricker und S. Meckbach, Kassel

D. Huybrechts und J. Kopp, Aachen

L. Kroll, Dresden

S. Gollwitzer und R. Rackwitz, Miinchen

Neve Bruchkriterien

und Festigkeitsnachweise
for unidirektionalen
Faserkunststoffverbund
unter mehrachsiger
Beanspruchung

- Modelilbildung

und Experimente -

Reihe 8: Grund- und Werkstoffe Nr. 506
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Bernd Szelinski,
MAN Part project
leader, informing the
team.

(right) Our
mathematician lady
honoured
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30.9 Various Conferences on Composites

—

Rolands Rikards, Holm Altenbach,
Holger Theilig, ??, Ralf Cuntze
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One of my last presentations:

Static 3D-Strength Failure Criteria for the
Structural Material Families
Isotropic, Transversely—isotropic UD-Lamina
and Orthotropic Fabrics.

And? Achievement of a Novel, Simpler
Structural Mechanics Building.
on basis of Cuntze’s successfully Test Data-
linked Failure-Mode-Concept (FMC)

DGM-Fachausschuss Hybride Werkstoffe,
21.2. 2024
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TAGUNGSPROGRAMM:
DIENSTAG, 26. FEBRUAR 1985

900 BEGRUSSUNG:
Kommerzialrat Ing. M. Huter, Prasident der Verelnigung
Osterreiohischer Industrisller, Sektion Tirol
Prof, Dr. F. Ziegler, Vorsitzender des Nationalkomitees
for Theoratische und Angewandte Mechanlk

KONSTRUKTIVER INGENIEURBAU
Vorshz ol 0r. 0. | Scruber, Universit(onsbruck
jahler, VOEST Alpine, Linz

915 le D! W, B. Kratzig, Ruhr-Universitat Bochum
Nichtlineares seismisches  Tragverhalten von Stahl
betonrahmen

9.45 Prof. Dr. F, Rammerstorfer, Tachnische Univarsitat Wien
Abheben und Beulen von zylindrischen Behaltarn bel
Windbelastung

1015 Prof. Dr. F. Fisoher, Montanunlversitét Leoben
Erdbebenbeanspruchte Tankbauwerke — geloste und
ungeldste Problam

1045 KAFFEE

1115 Prot. . F. Zlegler, Technische Unive
Ein praktisches Verfahren zur Warmespa

ot Brweitafung uf stotli nichiineare P

1145 Prof. Dr. H.Grundmann, Technische Unive
Zum Schutz vor Erschitterungen und Km'uw,r hall

12.15 Or. H. NuBbaumer, Siemens AG, Linz

iniga baudynamische Fragen des Kraftwerkbaus
1245 MITTAGSPAUSE
ANLAGENBAU
Vorsitz Prf. . . Zigler, Tochnische Univeralit e
Prodan, Motor Colu Baden, Sohweiz

14,00 Pm/ or G. |, Schusller, Universiiat fiateotk
Dynamische und bruchmechanische Problema bol ¢
Analyse der Rohrleitungen von Anlagen

Dipl-Ing. N. J. Krutzik, KWU Offenbach
Dynamische Auslegung von bel
auBeren und Inneren Storfallen

1500 Dr. M. Prodan, Motor Columbus, Badan, Schwelz

dury und
tischer Konzapte au crckfuhrends Kofnpananian

15.30 Dr. F. Nahler, YOEST Alpin
Probiatma da Schalanstali i Behaliscay

1600 KAFFEE

NICHTLINEARE PROBLEME
Vorsitz: Prof. r, . Troger, Technische Univecaitat Wien
J. Aftenzsiier, AVL, Graz

16:30 Pra Dr. H. Mang, Teohnische Universitat Wisn
Finite Elementaberechnungen Im Stahibatonbau

17,00 Prof. Dr. W. Wedig, Unlversitat Karlaruho

u

sitat Wien

1430

Systeme und Prozesse
17,30 Prof. Dr. K. Desoyer, Technische Univeraitht Wien
\nﬂus\nwobolel — Elnige spuur.»uu Problame
18.00 Dr. W, Mifter, VEW Kapler
PIasU:cM Anomalien mIa\qn Andarung dat Mikio
Al
1840
19.00 Emnlnnu dar Stadt Innsbruck und dea Landos Tirol
1990 Bankett

MITTWOCH, 27. FEBRUAR 1985

PROBLEME DES MASCHINENBAUS UND INDUSTRIELLE

VERFAHREN

Vorsite prof O H. Lippmann, Technische Univarsitdt Manchen
Dr. K. Schwaha, VOEST Alping, Linz

900 Dr. B Cuntze, MAN Manchen
Strukturberachnungen heute — Auf was muB ich
achten? Was brauche lch?

9.0 Prof. Dr. W. Schiehlen, umwmval  Stutigart
Rechnergestatzte technische Dyn

10,00 Prof. Dr. H. Troger, Technische Umvm‘)lmlwmn

und ihre

Anwendungen
1030 KAFFEE
11,00 Dr, J, Affenzeller, AVL, Gra
Dynaimische Proclers it Kraftfahrasubs
11,30 Prof. Dr. K. Wohlhardt, Technische Universitat Graz
Zur Dynamik des Turbula: M,wm s
1200 Prof. Dr, G. Schweltzer, ETH Zo!
Magnetiader eloplal 0 dle Veibindung
anik und Elektronik
1290 MITTAGSPAUSE
Vorsit:Prol, Dr F. Ramimaratorfa, Tochniache Unfw
Dipl-ing. N. J. Krutzik, KWU Offenbach
1400 prol. o W, Schnaider Technisohe Universitat Wien
ST Soag. G Ers tarungaovaRTioe In Metalen und
Kunsistoffen
1430 Dr. K, Sohwaia, VOEST Alpin, Lin
Moglchkelten und Grerizan der theoretischan Analyse
dus StranggleBprozest
trohmer, VOEST Alpine, Linz
Anwandung. numerlscher Mainoden Zur Sirsmungs
schnung bel hydraulischen Maschinen

14t Wien

15.00

1530 PODIUMSDISKUSSION

Flscher, Montanunives
VOEST Alpine, Linz

Dr, A Cuntzs, MAN, Minchen
Dr. M. Prodan, Motor Columbus, Bade
Prof. 0, H. Lippmann, Technische Univors
Prot. Or. G. Schweitzer, ETH Z0rich

Vorsitz: Prof. Dy, 0, F
br. G, Gsoll

Sofwelz
M

ahen

1645 Ende dor Tagung

MODRUGA KAAMSACH
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EINLADUNG ZUR TAGUNG

MECHANIK
UND

INDUSTRIE

KongreBzentrum Igls, Tirol
26./27. Februar 1985
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NATO/NASA/NSF/USAF

AVDANCED STUDY INSTITUTE

Optimal Design of Mechanical Components

: Application of AI-Tolls for Re-Analysis Within
Optimization Problems on the Boundaries of

Structural Engineering

: Reliability - Oriented Optimization With
Approximate Explicit Behavicur Models

: Plastic Limit Design of Shells

Structural Optimization

Application
: Some Contributions to upcimai Design Using

: Expert Systems in Structural Modelling and Design

: An Interactive Hybrid System Approach to Near

8.30 Hajela
Hoeltzel

9.15 Hartmann
Reftman

10.30 Qntze
Mlejnek

Computer Aided Optimal Design

: Canputer Aided Design of Power Shafts

11.15 Fonseca
Kaftanoglu

Structural and Mechanical Systems

SPONSORS

Mota Soares

North Atlantic Treaty Organization

The U. S. National Aeronautics and Space Administration
The U. 8. National Science Foundation

The U. S. Air Force
CEMUL: Centro de Mecanica e Materiais

SUPPORTERS

da Universidade Técnica de Lisboa

Volume 3

Instituto Nacional de Investigagdo Cienlifica

INIC:

Secrelaria de Estado do Ensino Superior
Comissdo Permanente INVOTAN

JNICT:

acdo Cientifica e Tecnolbgica

Junta Nacional de Investig

SOREFAME: Socledades Reunidas de Fabric

European Research Office, United States Army
Escola Ndutica Infante D. Henrique

MAGUE: Conslrugbes Melalomecanicas, S.AR.L

Universidade Técnica de Lisboa
PECHINEY

Institulo Superior Técnico

Metdlicas, SARL

agoes

BPA: Banco Portugués do Allantico

TAP: AIR PORTUGAL

TROIA, PORTUGAL
June 29 — July 11
1986

Companhia Carris de Ferro de Lisboa

Rodovidria Nacional

MAN Technologie Gmbh
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The Engineering Working Group: Focus on Parameters [CCeV News 2010, second]

The Engineering Working Group in the CCeV has been in existence since spring 2009. After the Kick-off
meeting with a keynote speech on the topic "Design and Verification", further theme days with user
contributions dealt with the topics of "general optimization”, "targeted additions to optimization" (such as
hybrid CFRP-metal composites, efficient rotor blade design with ANSYS, robust design optimization taking
into account manufacturing tolerances) as well as the formulation of strength-failure conditions.

In spring 2010, a joint, coordinated event took place with the NDI working group "Materials and Component
Testing”. Within the framework of the topic "Tools in Damage Tolerance Design”, the NDI Block in
production (determination of defect sizes) and then the Block Requirement of the Approval Authorities,
Evaluation of Defects and Verification Methods were dealt with.

The Engineering working group has set itself the task of bringing together practically and theoretically
oriented engineers. These come from smaller and large companies as well as from the university and institute
sector. The exchange of experience between users and researchers at the university is one of the goals of the
working group. In addition, it aims to promote thinking in the component process chain from design to
verification, provide appropriate knowledge, convey analysis tools with their applicability limits and integrate
the findings of other more practically oriented CCeV working groups.

In principle, the CCeV attaches great importance to the fact that the working groups learn from each other,
strive for cross-connections and optimise processes. In this sense, the meeting of the Engineering Working
Group always takes place together with that of the NDI Working Group. The above-mentioned lecture series
provide a framework for the exchange of experiences. The presentations held together with the minutes of the
meeting can be downloaded from the CCeV website (Carbon Composites -> Range of Services -> Working
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Groups/Groups -> Engineering). For this desired cross-linking, a sub-working group "Evaluation of NDI" is
planned with the topics of maintenance, repair, inspectability, damage tolerance, and later recycling.

Another important sub-working group on the "Evaluation of new engineering software products” has already
started its work. For this purpose, members are asked to list their software tools according to a fixed scheme,
to submit evaluations and to formulate wishes. Some of the criteria to be applied here are: result quality,
robustness, reliability, user-friendliness, cost, etc. The software companies are already involved in order to
then specifically address the problems of the users.

For the next event, which will take place on 22.10.2010, the topic "Material characteristics and material
characterization" was requested. For the members of the Engineering Working Group, the lack of reliable
material characteristics (elasticity variables, strength parameters, etc.) for design and verification is also a
major problem. In addition, validated strength conditions for the representation of multiaxial fracture stress
states of the unidirectional (UD) layer are only available to a limited extent.

In this context, it is regrettable that the huge expenditures and valuable validation results of participants and
organizers of QinetiQ (UK) in the implementation of the World Wide Failure Exercises-1 and -1l are unknown
to many designers, but also to materials characterizers and test center employees in industry and institutes.
WWEFE-I had as its topic the validation of UD strength conditions with biaxial fracture stress states, while the
WWEFE-II, which is currently being phased out, is trying to do the same with provided 3D fracture stress
states. The author was successfully involved in WWFE-I, and has experienced the difficulties of providing
reliable test data - especially in WWFE-II: Test specimens, test benches, measurements and evaluation offer
many possibilities for error. A test result is always experimental evidence, but almost never the complete
experimental proof. A sensible balance of theory and experiment, in addition to good cooperation in both
areas, is therefore imperative.

The CCeV strives to pass on experience so that some wheels are not reinvented by expensive experiments, but
gaps are closed. For this purpose, contributions are also uploaded to the CCeV website, which help, for
example, to determine the necessary multiaxial strength data.

1A r‘.,":,;b‘_‘l.‘..'.,.0‘, . :. ehoennu ]
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ANHANG C

Miﬁgliederverzeichnis der fiir die Merkblatterstellung
verantwortlichen DVM-Arbeitsgruppe "Kennwertermittlung
und Anwendung der Bruchmechanik®”

Das vorliegende DvVM-Merkblatt wurde in einer Gemein-
schaftsarbeit von der Arbeitsgruppe "Kennwertermittlung
und Anwendung der Bruchmechanik" innerhalb des "Arbeits-
kreises Bruchvorgdnge", integriert im "Deutscher Verband
flir Materialpriifung e. V. (DVM)", unter der Federfiihrung
der beiden Leiter der Arbeitsgruppe, A. Cornec,
J. Heerens, beide GKSS-Forschungszentrum Geesthacht,
ausgearbeitet. An diesem DVM-Merkblatt waren nachfolgend
aufgefiihrte Institute und Firmen und deren Mitarbeiter
maBgeblich beteiligt:

Bundesanstalt fiir Materialforschung K. Wobst
und -priifung (BAM), Berlin

Fraunhofer-Institut flir Werkstoff- B. VoB
mechanik (IWM), Freiburg
GKSS—-Forschungszentrum Geesthacht GmbH A. Cornec
) J. Heerens
Institut flir Eisenhiittenkunde (IEHK), A. Heuser
Aachen D. Dormagen
Interatom, Bergisch-Gladbach H. Huthmann
Kernforschungszentrum Karlsruhe (KfK) A. Brilickner
Kraftwerk Union AG, Erlangen A. Gerscha
) Kraftwerk Union AG, Miilheinm F. Vahle
MAN-Technologie, Miinchen R. Cuntze
Messerschmitt-Bslkow-Blohm (MBB), K. Blomeier
Bremen L. Schwarmann
Rheinisch-Westfdlischer TUV, Essen B. Reimann
M. -Remke
Staatliche Materialpriifungsanstalt U. Eisele
(MPA), Universitdt Stuttgart E.. Roos
Tiiv-Hannover & e " ) E. Boroske
Universitédt Karlsruhe: : ‘ We Ehl
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Probably the first World-Wide Conference on Wind Energy
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Seminar iiber Arbeiten im Rahmen des Programmes

Energieforschung und -technologien
des Bundesministers fiir Forschung und Technologie

Bau, Test und Entwicklung
grofBBer Windenergieanlagen
23./24. Marz 1981

Bundesministers fiir Forschung und Technologie BMFT
Leitung: R. Windheim (PLE) in Zusammenarbeit mit

in der Kernforschungsanlage Jiilich GmbH KFA
R. Cunize (MAN-Neue Technologie, Miinchen)

Projektleitung Energieforschung PLE
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(left) International wind energy conference at MAN (1978),
(right) Seminar Research project from KFA Julich GmbH (1981)
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Two typical Bavarian peculiarities addressing Strength and Composites

From a present to the working group members of the Kurt A. Korber Stiftung on “How presenting
mathematics to industry people”.

Members:

Standing in the medieval tradition of pictorial expression, the so-called phrenologists created a map
of the brain by inscribed the abundance of mental qualities and tendencies of the human being —
called organs — in the form of air bubbles in the skull. Phrenology is the study of the size and shape of
people's heads in the belief that you can find out about their characters and abilities from this.

How much do you think this ‘organ’ is weighing?
About 15 g of about 1.3kg brain — extreme lightweight !

Demut stressman & his work =
c3:. . (resuits may be N
Iaemility foe 0. k) stubborn donkey

STRENGTH organ
compartment

self respect

cando i)

ambitiousness
Ehrgeiz (solve the problem)

- Strength is a very essential thing.
Human beings possess strength not just in muscles!

- This attribute was located by the so-called
Phrenological Society of Munich as an
organ at the top of the head (1860 !)

(For southern Germans: This has nothing to do with the well beloved ‘white-blue’ soccer club 1860 Munich,
but it might stimulate more club success in future)

The phrenological theory of localization places the Strength organ’ in an excellent position of the
skull,

as a Stubborn donkey, which the strength man (14) has to tame, namely, between the 'organs'

Self-respect (13), that one dares to approach a thing

Ambitiousness (12), to solve the problem

Carefulness (15), to check the computational output

Hope (16), that hardware and software work

Humility (18) when something was wrong.
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Looking at the combination of skills:

The Wolperdinger, the most famous Bavarian Composite. Animals like the Platypus have already
coped very well with this. Our Bavarian Wolperdinger, on the other hand, is a typical Bavarian wish
animal.

By the way, Wolperdinger and platypus have in common that they are very shy and nocturnal.

This does not predestine them as models for multifunctional strength criteria, because these are used
unrestrainedly during the day without checking the special applicability limit.

m Conference Greetings ICCM 11
MAN B

TECHNOLOGIE to PLATYPUS

Australia's best tailored composite

From Bavaria's

famous composite animal
called

WOLPERDINGER

Some other affiliations

» Member of DVM-WG "Characteristic Value Determination and Application of
Fracture Mechanics". Headed by K.-H. Schwalbe (1980)
» Member of the Probability Working group of G. Schueller (1986)
» Founder and organizer of 4 Working Groups at Composites United e.V.
. Engineering, aerospace, mechanical engineering
. Composites Fatigue, aerospace, mechanical engineering
. Design Dimensioning and Design Verification, civil engineering
. Automated fabrication in construction including serial production

Including ‘3D-Printing’, civil engineering.)
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31 References, Cuntze since 2000 and Acknowledgement
31.1 References
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Int. J. of Fracture 14 (1978), R 13-16

[Cun00] Progressive failure of 3D-stressed laminates: Multiple nonlinearity treated by the Failure Mode
Concept. Recent Developments in Durability Analysis of Composite Structures. Balkema, ISBN 90 5809
1031

[Cun01] Assessment of Load- and Strain-controlled States of Stress in ‘Hot Spots’ — on the way to an
Industrial Approach for ‘Gurson Materials’. Europ. Conf. on Launcher Technology Strascourg , Del.11-
14,2001

[Cun03] Cuntze R and Memhard D: Evaluation of the Tension Rod Test for Ductile Material Behavior.
European Conference on Spacecraft Structures, Materials & Mechanical Testing CNES, DLR; ESA, ISU:
Toulouse, 11-13 December, 2002. Conference Proceedings

[Cun06] Failure Conditions for Isotropic Materials, Unidirectional Composites, Woven Fabrics - their
Visualization and Links. https://www.ndt.net > cdcm2006 > papers > cuntze, PDF

[Cunl3] Comparison between Experimental and Theoretical Results using Cuntze’s Failure Mode Concept
model for Composites under Tri-axial Loadings — Part B of the WWFE-II. Journal of Composite
Materials”, Vol.47 (2013), 893-924
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Laminates. Part B, Composites Science and Technology 63 (2004), 487-516
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Performance-Concrete and of the Lamella - generated on basis of Cuntze’s Failure-Mode-Concept (FMC).
NWC2017, June 11-14, NAFEMS, Stockholm *

[Cun19] Technical terms for composite components in civil engineering and mechanical engineering.
Fachbegriffe mit Erklarung und Definition. In: Fachbegriffe fir Kompositbauteile — Technical terms for
composite parts. 171 pages, Springer Vieweg, Wiesbaden (2019). Pre-print downloadable*

[CUN22] Life-Work Cuntze - a compilation. 2022/2023. The Failure-Mode-Concept FMC, a physical and
theoretical Material Symmetry-driven basis to generate Strength Criteria, that gave a reason to look after a
‘more closed’ Strength Mechanics Building, and in addition Very Much on Structural Materials,
Techniques and Design including work-life experiences of the author in many engineering fields. (about
850 pages), downloadable from https://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

[Cun23a] Design of Composites using Failure-Mode-Concept-based tools— from Failure Model Validation to
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United construction (CU Bau) *

[Cun24b] Ceramic Strength Models for Monolithic (isotropic), Transversely-isotropic UD and Fabric
Materials*
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Failure Envelope’ to Multiply UD-ply composed Laminates. 60 pages *

[Cun24a] Cuntze R and Kappel E: Why not designing multidirectional laminates with in-plane Strength
Design Sheets applying the UD criteria of Tsai-Wu and Cuntze? Part 1, Analytical foundation in
Mechanics of Composite Materials (MCM), Vol. 60, No. 5, November, 2024; Part 2 , Application in
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[FIa82] Flaggs D L and Kural, MH: Experimental Determination of the In Situ Transverse Lamina Strength in
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Verbunden unter PKW-Betriebslasten®, Shaker Verlag, Dissertation 2015, TU-Darmstadt, Schriftenreihe
Konstruktiver Leichtbau mit Faser-Kunststoff-Verbunden, Herausgeber Prof. Dr.-Ing Helmut Schiirmann

[HSB 02000-01] Cuntze R: Essential topics in the determination of a reliable reserve factor. 2012, HSB
sheet, 20 pages. HSB = (luftfahrttechnisches) Handbuch fiir Strukturberechnung (German aerospace
handbook). Edited by the industrial committee (working group!) IASB = IndustrieAusschuss flr
StrukturBerechnung

[Jai20] Jain N and Koch D: Prediction of Failure in Ceramic Matrix Composites Using Damage-Based
Failure Criterion. J. Compos. Sci. 2020, 4, 183; doi:10.3390/jcs4040183

[Kaw04] Kawai M: A phenomenological model for off-axis fatigue behavior of uni-directional polymer matrix
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[Kno03] Knops M: Sukzessives Bruchgeschehen in Faserverbundlaminaten. Diss. 2003. Aachen, Institut fir
Kunststoffverarbeitung
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[Li24] Li H, Pel L, You Z and Smeulders D: Stress-dependent Mohr-Coulomb shear strength parameters for
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[Lut06] Lutz G: The Puck theory of failure in laminates in the context of the new guideline VDI 2014, Part 3.
NDT.net https://www.ndt.net » cdcm2006 > papers > lutzii, PDF

[Puc96] Puck A: Festigkeitsanalyse von Faser-Matrix-Laminaten - Modelle fiir die Praxis. Minchen, Carl
Hanser Verlag, 1996
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31.2 Thanks and Acknowledgement

Many Thanks to: My parents Helmy and Werner for my inherited tenacity to endure this hobby alongside
the job, my first wife Jutta and to my second wife Maria for tolerating my private, very time-consuming
scientific hobby and work.

The professores

- Hans Kauderer, E. Doeinck, Theo. Lehmann, Frederick-Henry Schroeder and Kurt Magnus for my
knowledge of mechanics, which of course is still imperfect. Theo Lehmann and F-H Schroeder were
my doctoral supervisors.

- Theo Lehmann, as well as the purple-robed jaguar driver Zerna, especially for the tensor analysis
knowledge, which | was later able to use in the fiber laying winding technique

- Bodo Heimeshoff and Huba Ory for the self-critical way of working, which is later called 'self-
testing' in 1ISO 9000. Bodo Heimeshoff and Harry Grundmann, who were my habilitation fathers in
1978

- Alfred Puck for many valuable discussions and his indirect initiation of my Failure Mode Concept
(FMC) idea

- Rudiger Rackwitz for the knowledge of structural reliability, applied in my FMC idea

- Karl-Heinz Schwalbe for my fracture mechanics knowledge

- Ms. Rita Jeltsch-Fricker for "Getting on the Right Mathematical Path” in a large MAN research
project on A. Puck's Action Plane Stress criterion

- The honorary professor-reviewers Werner Hufenbach, Hans Eschenauer and finally Mr. Fahlbusch
of the Bundeswehr University for the realization of the honorary professorship at the UniBw at
Neubiberg

Thanks to all those who are not named, especially MAN colleagues and the members of the Aerospace-
Technical Industry Committee for Structural Calculation (IASB), who contributed to both my professional and
my scientific work.

Without the encouragement of Wilfried (Prof. Becker, TU Darmstadt) | would not have made it through the
laborious work in the last two decades.

Yes, and where wouldn't | have gotten stuck everywhere in Mathcad-code calculations if it there would not
have been Dipl.-Ing. Bernd Szelinski, who was usually able to eliminate Mathcad-attributable difficulties, such
as changed letters, characters or that vectors were no longer read. It's a pity that such a great calculation
program has such shortcomings and errors are incorrectly noted or it doesn't calculate and doesn't give a
suspicion of error. Sometimes, another solution way could be gone. Not to forget
Dr.-Ing. Andreas Freund, with whose Mathcad skills | was only able to make the numerical entry into WWFE-
I, culminating in a joint paper on WWFE-I A. Thank you Bernd and Andreas.

And, to my scientific friends and partners:
Bodo Heimeshoff, Huba Ory, Alfred Puck, Steve Tsai, Wilfried Becker, Holm Altenbach, Werner
Hufenbach, Volker Ulbrich, Rolands Rikards, Lothar Kroll, Klaus Rohwer , Siegfried Schmauder,
Gottfried Ehrenstein, Walter Wunderlich, Urs Meier, Frank Schladitz.

Looking at my Lessons Learned LL:

Much Experience is required in Design! But what is experience?
Experience is not what happens to you; it’s what you do with what happens to you.

%ﬁzm Z?ix/e]

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 296



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

“Theory is the Quintessence of all Practical Experience” (A. Foppl)

”Quid quid agis, prudenter agas, et respice finem” (a slogan of my school class)
Whatever you do, do it wisely and remember where it leads. (from Gesta Romanorum)

I hope that | followed this saying.
31.3 Resume

Life philosophy, experience

A lifelong close friend of Konrad Zuse and my father-friend once told me Zuse's retrospective:

"Looking back on my career, | can only hope that in the future there will be room not only for the
specialist in his field, but also for the universally gifted. | believe that versatility in particular is
the prescriptive for ideas that are out of the ordinary. Such an idea, an 'infidelity' of technology,

if you will, was ultimately the computer ”.

In this context what | learned:

“Without versatility, | would never have been able to see the invisible bridges between the
materials and their disciplines. Test results of related materials provide valuable information for
the pre-dimensioning of the new intended material . This saves time and money.

As far as new ideas are concerned, T.A. Edison is right: 1 % inspiration, 99% transpiration.
Never stop if people want you to give up or my mathematical code Mathcac.

With my FMC it looks more than 25 years like in short, unfortunately similar to the outstanding scientist Max
Planck experiences, who said:

"It is one of the most painful experiences of my life that | have never succeeded in bringing a new
assertion, for the correctness of which could provide a compelling theoretical proof, to general
recognition. New scientific work prevails after the extinction of the opponents".

Where are the discussions in the contact-simple computer time?

Karl Poppers has summarized what is still very close to my heart in his 12 principles for a new professional
ethic:
"It is impossible to avoid all mistakes or even all mistakes that are avoidable in themselves. Since we
must learn from our mistakes, we must also learn to accept gratefully when others draw our
attention to our mistakes."
I liked to have gratitude for that.
Much Experience is required in Design! But what is experience?
Experience is not what happens to you; it’s what you do with what happens to you.

gf(/&ﬂd‘ %x[ef

Final note:

Above non-funded work mainly addresses the author’s working life in industry with the intension
to transfer theory into engineering application. This ‘single authored’ work includes: *Idea finding,
*idea exploitation to generate the FMC-theory, *text writing of this document, *extensive numerical
analyses with rendering of results like fracture bodies using the programs Mathcad 13 and 15,
*typing of formulas, *difficult visualizations of the calculation results, sketches, diagrams etc. And,
facing the program crashes of Word (twice, per day at least) presumably due to the large document
and Mathcad 15 due to complicate computations. And that word corrections were indicated to heave
been executed but in reality not performed.

All these works have been performed by the author himself.
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Many thanks are given to those who believed in my work [W. Becker] and had some discussions
with me on several topics [ Wolfgang Brocks with Fracture Mechanics, Andreas Freund with Mathcad
13 and UD mapping etc, Martin Grimmelt with Statistics, Probabilistics.]. This thankyou includes the
WWFE organizers within the performance of WWFE-I and —II from 1999 through 2013 especially
Sam (Kaddour) and those that peered my WWFE-contributions. Not to forget are all those which
delivered a basis for some body texts. B. Szelinski helped not to despair of Mathcad.

To my wife Maria: “My heartfelt thanks for allowing me to devote so much time of ‘our time
together to my time-consuming hobby .

Dedication to all the people who have guided me to the wide variety of technical fields during my 55-
years working life. This was challenging but also difficult and at the same time beautiful. Never
giving up was the motto.

Desire of the author:

“It were good for both the dicsciplines mechanical and civil engineering to act side-by-side such as

croco and hippo document below.
Surprising picture, Sambia 2011.

”Quid quid agis, prudenter agas, et respice finem” (a slogan of my school class)
Whatever you do, do it wisely and remember where it leads. (from Gesta Romanorum).

In this context:

If T had known beforehand how much time this work would take, I probably would not have done it.

b

“Si enim alicui placet mea devotio, gaudebo. Si autem nulli placet, memet ipsam tamen iuvat quod fect’
(A letter from Hrotsvit, nun of Gandersheim, 950 anno domini

If my work pleases anyone, [ will be happy,
but if it pleases no one, it will nevertheless be good that I did it.

I am grateful that | was able to do all this.
Multi noscunt multa, omnes aliquid, nemo sati.
Many know a lot, everyone knows something, no one knows enough.

The above Latin saying is for me the basis for hopefully coming valuable discussions.
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32  Affiliations, professionally and privately

32.1 German Society of Aeronautical Engineers (DGLR), for more than 40 years

32.2 TASB 1972-2024

I NDUSTRIE ~

AUSSCHUSS —

STRUKTUR —
BERECHNUNGSUNTERLAGEN

PROF. DR.-ING. KH. NASITTA In Firma Miinchen den 20.7.72
Motoren- und Turbinen-Union Manchen GmbH
8 Manchen 50 : Postfach 50 06 40 : Tel. 0811/1 48 9985

Protokoll iuber die 13. Sitzung des IASB

am 4. und S. Juli 1972 bei Messerschmitt-Bolkow-

Blohm GmbH: Ottobrunn

Anwesend waren folgende Damen und Herren:

Frau Amann, MBB-UFE, Ottobrunn (5.7.)
= Herren Adolf, VPW-Fokker, Bremen

Ahrensdorf, IABG, Ottobrunn

Bauer, ERNO, Bremen

Berninghaus, MBB-UF, Ottobrunn (ABM) (4.7.)

Birrenbach, Airbus, Minchen (4.7.)

Dr. Braun, MBL, Miinchen (4.7.)

Dr. Cuntze, MAN, Minchen

Fonk, Fokker-VF\!, Amsterdam

Gaertner, MTU, llinchen

Dr. Geier, DFVLR, Braunschwei

Gokgdl, MBB-UH, Hamburg (4.7.

GoBe, Dornier, Friedrichshafen (4.7.)
later Grieser, IABG, Ottobrunn (ABM)(4.7.)
President of Dr. Habel, MBL, Miinchen
Indonesia == Dr. Habibie, MBB-UH, Hambur

Hoffer, VFW~Fokker, Bremen %4.7.)

Huth, VFW-Fokker, Bremen (4.7.)

Jarosch, MBB-UD, Ottobrunn (4.7.)

Johst, Dornier, Friedrichshafen

Prof. Nasitta, MTU, Minchen

Oberparleiter, IABG, Ottobrunn (4.7.)

Och, MBB-UD, Ottobrunn

Pawaletz, MBB-UF/SB, Minchen

Romer, MTU, Miinchen (4.7.)

Roper, Airbus, Minchen (5.7.)

Dr. Schreiner, MBB-UFE, Ottobrunn

Dr. Schiitz, IABG, Ottobrunn (4.7.)

Schiitz,D., LBF, Darmstadt (4.7.)

Siegel, Airmetal, Minchen

Stolle, VFW-Fokker, Bremen
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32.3 Former private affiliations

10 years ‘L’Ordre des Coteaux de Champagne’ 30 years ‘Chaine de Rotisseurs’

5 A : N\
I(J(lw[vr £y ,;Ig”/ w;r@ Diner K"- Tnternationales Grand dyapitre

v Phezis " Salzbury G fun | YAutriche 2002 alzborg

u(g’qzu L/mnymgnu E/npfﬂnq und Gala@ozr

VoIel&Grown Plaza" Salzburg 6.Juni 2002

(left) Final Meeting of the German Mauritious Association.
founded by my friend Consul General Prof. Dr. Dr. Johannes Kneifel (left)
(right) Famous hill ‘Le Morne’, which I could still climb in 1986 with the hill-owning farmer
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32.4 DAV = German Alpine Club

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cuntze 301



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

i
~

B AN
Westcol
, 6150 m

Since the porters with
the equipment were
missing, we had to
take spare clothes.

Consequence: Take
what you have.
Much is possible if a
goal is pursued and
this was also the case
with having some
fruitful ideas in this
paper.
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32.5 Hiking & Mountain friends Club Glonntal-Indersdorfe.V.

1980, inauguration of ‘my’ climbing garden

With the administrative officer of the County Dachau and world well-known climbers

und des back ma ano . .. Pr
ogramn

Veranstaltungsort: Kletteranlage-Indersdorf
am Sportplatz in Markt-
Indersdorf

Beginn: 10.00 Uhr
BegrilBung der Giste

13nsprachen von Landrat H.-J. Christmann
und vom Schirmherrn der Veranstaltung
Hans Strizner ‘

Turmveihe
‘Klettervorfilhrungen durch:
Michael Dacher (4 Achttausender)
Otto Wiedemann (einer der schnellsten Kletterer
der Welt)

Sepp Gschwendtner (einer der extremsten Deut—
schen Freikletterer)

Bergvorfilhrungen durch:
die Bergwacht Miinchen

Den Stand der neuesten Ausrilstungen zeigen die Firmen
Scheck, Hanwag und Salewa.

g’ﬁr Thr leibliches Wohl sorgt ein Festzelt mit diver-
sen Schmankerin,
Bierpreis DM 3,90 je MaB
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Birthday 66 years

Catholic Mass on a mountain

Indoor sports during winter time
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| Cleaning up at the Climbing garden. 2023
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32.7 Some specific Conferences

Wissenschaftler erforschen, was ist. Ingenieure schaffen, was es nie gab. Theodore von Kérmbn

Lightweight Progress at least in conference material weight:

Transport of symposium documents: ICCM Hawai 1985 (books, 11kg, post office, received after 5 months),
NAFEMS (0.? kg, direct home)

N\ AN 5

N/ \/\/\4 o
AVAYAVAVAY N Bl AAS
aavavay | NAFCIVID

\ AVAVAVAVAY

Conference Leeuven
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Conferences Paderborn
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Madeira

6 k. Conterence sa Fracouns snd Damags Mechsics
SMadlrn, Portugal, ety 17082007, (Key- e bchire)
et Fr

Yakutsk Conference: On the Lena Rocks
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KPEYET

ABWALIMOHHO-TYPUCTUHECKAS KOMMNAHUS

@b’uﬂm/tzzlmﬂﬂ

LarnF
CuNTZzE

FBNIFETCA [10YETHBIM FOCTEM,
nocermsum 9 *_ Ol I00 A roza (fJormy Jeiisepos,
OLYH 13 YHIKETIBHESLINX YTOTKOB INaHETs Jemna

lO‘/eT/-/b/l/l rOCTb PACIONAraeT MPUSTHBIMU BOCTOMUHAHNAMA
U1 HE340bIBAEMBIMY BIICYATIICHUIMA,
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Meetings at the house of Walter and Rotraud Wunderlich

Knittel, Obermeyer, Ramm, Pfeiffer, Heimeshoff
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Excursion Kamtchatka

JUlioe2:- 2001
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32.8 Rotel Tours

Cabin: 80cm x 80cm x 210cm

The relative narrowness of a ROTEL sleeping
cabin helped the author
to explore the wide world of nature and

his good basic engineering education helped him
to widely explore the world of engineering.
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32.9 New engagement, 2015

Der Herbst ist ein zweiter Friihling, s vertraut,
wo jedes Blatt zur Bliite wird. Wir haben |.}n . rtraut.
Albert Camus wir sind ve

’ ’ Wir haben uns getraut,
wir sind getraute

Einen Menschen lieben

heiBt einwilligen, Die Mausi hat's erlaubt ¥
mit ihm alt zu werden.

Ralf & Maria.
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On the Way with my Friends

Alois

Baikalsea, just before an extreme gust of
wind put the sailing ship to the water
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33 Documenting Hobbies: Globetrotter, Hiking, Photography, sparrows &
alpine-cyclamen ‘breeding’

Flowers and Flower Curiosities

Lo
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Pets and Animals in the Garden

-

o=

: ’:4$\ “’:\\\\\\
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Flower pictures from around the world
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80 Years Celebration
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The Car Driver

Opel Manta with my mum

BMW 230 BMW 7?7 BMW 125

Sportmanship of the author
After | had to say goodbye to soccer at the age of 55 because I couldn't see the football on the ground
quickly enough due to a weakness of the upper eyelid muscle, mountain hiking, cycling and jogging
remained for the time being. From the age of 75 on, there are 2x circle training, cycling and a special
type of ‘'jogging ', protecting the knees, on Sunday morning, plus swimming in summer and
gymnastics in winter. 10 more or less big hikes are added per year.
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With my friend Anatol.
Enjoying the Baikalsea

just before an extreme gust of wind put the
sailing ship to the water
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Dreaming of Visiting the World
|

™y e

A

Ice climbing course
Taschachferner, 1977

Saas Fee
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Hans Richard
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Yakutsk
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HEIYUE ¢ 1HKN2L EBBWE
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Used Software Codes

Static, Dynamic and Thermal Structural Analysis Codes
* FEM: NASTRAN, MARC, NONSAP, SAPIV

Finite differences: BOSOR, ROTOPT

Pre- & postprocessor: PATRAN/II
with Tinks to NASTRAN, MARC and NONSAP

Thermal analysis, heat radiation, heat convection: MARC
Composite laminates computation: MSV 2 ¢
Viscoelastic, -plastic behaviour: MARC

Fracture Mechanics: MARC

Component Life, Crack Propagation: ESA-CRACK, NASGROW

Special programs for fibre wound vessels,
bolt connection, ...

Structure reliability analysis: FORM, SORM
with links to MSV 2 » FRP Rel

Structure optimization: SAPOP

Test data evaluation and monitoring: BASMAN
and rain flow counting code. Statistic codes, ...
EV CREEP (8- projection concept) for fatigue loading

Computer graphics package: DISSPLA
Material databank composites

Geometrical nonlinear beam analysis: PROFI + GROBI
for wind energy converter (GROWIAN, WKA 60, ...) statics

»*

.

HARDWARE

Link-up MT Computer VAX 8550

4 TEKTRONIX 4115 Colour Graphics Display Terminal

1 Evans & Sutherland PS390 Colour Graphics Display Terminal
2 TEKTRONIX 4692 Colour Graphics Copier (Inkjet), DIN A 4
Personal Computers. Workstation DEC 2000
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In the Alps and at home

(left) Ralf & Maria.

(right) The relative narrowness of a ROTEL sleeping cabin, 80cm x 80cm x 210cm) helped the
author to explore the wide world of nature and his good basic engineering education helped him to
widely explore the wide world of engineering

Mountain luggage

(left) Hiking in the Alps. (right) West Col 6150m
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Venezuela
Me and the guide

Venezuela

“Challenging
tasks
strengthen!”

Deamavend Iran, 1975 (the ‘half-‘person left) Fitz Roy hiking, Patagonia, 1987

Largest moth in the world Smallest ape, Makaki
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Albtraum einer Briickeniiberfahrt

Cuntze: Sikkim, 2012

Nightmare of a bridge crossing

Pinatubo, Renatured after about 15 years.
Nature repairs
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Sportmanship of the author

After | had to say goodbye to soccer at the age of 55 because I couldn't see the football on the ground
quickly enough due to a weakness of the upper eyelid muscle, mountain hiking, cycling and jogging
remained for the time being. From the age of 75 on, there are 2x circle training, cycling and a special
type of ‘'jogging ', protecting the knees, on Sunday morning, plus swimming in summer and
gymnastics in winter. 10 more or less big hikes are added per year.
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Europe: UK, Portugal, Spain, Denmark

1972 Tunesia

1975 Iran

1979 Peru

1980 Ladakh

1983 Himalayan Tour Nepal

1986 Alaska

1991?? Myanmar, Thailand, Laos, Cambodia, Saigon
Russia: Moskow 2007, Irkutsk 200?, Yakutsk 2001Kamptchatka 200?
1997 Australia

1997 New Zealand

?7?? Pacific Islands

2002 Emirates, Cuba

2005 Crossing China from Kasakhstan (Ikarus)

2005 Syria, Lebanon, Jordan
2007 Usbekistan (Ikarus)

2008 Panama—Mexico (ROTEL)
2009 Yemen

2009 Paraguay

2011 Crossing Africa (ROTEL)
2012 Crossing India (ROTEL)
2012 Kolkatta, (Ikarus)

2013 Venezuela

2013 Marokko

201? Namibia

Scandinavia

2020 Island

2023 Oman

Bolivia

Philippines

Indonesia

Papua-Newguinee
North-Corea

1987Argentina, Patagonia
Italy:. Apulia, Sicilia,., ...
SouthlIndia-Sri Lanka

South European Countries
Azores, Madeira, Canary Islands
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Most interesting Private Journeys
Tunesia 1972
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Before Khomeini, not to forget:
The “Shaw” sent busses to the mountains to get children to school !
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S S Sl i A ¥l : :
I did not reach the top, LL: The mules could not go through the too high snow, so I also pulled
a trekking bag up the mountain with the mountain guide. Even if you are very strong. Never
overexert yourself on the mountain !!

9 \-‘ v - =
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‘ irfhplace of the tulips, red & ye‘llown
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Swinging Minarett

Peru 1979
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e Morne, ho
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Ladakh 1981
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The unimaginable value of 5 cm pasture grass.
As you can see from the photos above, the grass is very short and therefore about 5 cm
large pasture grass is extremely valuable for the mountain farmers:
The path led our trekking group into the valley of the neighboring community, which
then led to a serious threat situation for us by the mountain farmers living there. Our
problem was quickly solved the next day, when a judge was ‘called’, who arrived on

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 353



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

foot - walking under a parasol of the assistant - after many hours of walking. He
immediately convicted the leader in a court hearing at an altitude of 4500 m and
immediately had him taken to prison. When we descended again a few days later, the
prisoner's relatives asked us to help them get him released. A major reason for this was
that the relatives had to bring food to the detainee. Living 10 km away and having to
take care of it on foot was a very big problem for them.

An invitation from a dealer in Leh, with whom I had also talked a lot:

50 el Tibet Series o by MAN| UIMA

wEDDlNG . 500 W;za U:DIA

. Dylneg Hepft,
RoiE ConTZEVDY

e Rse 5,
MATTHANS GIONTHER i ? o
From : STR - lgl 5 nexy \: —2 oL
oty MPRRT= -
HOUSE TASHI DEHLIK | NDEREDER 8 N -ohau
Nea: HOTEL AMRS 5/ 3 il
MANALI-i?glgl; AT, D / Grep. M #]/4\17 O ) \,(/‘u, U
-t A 'A, U
4 > C /quv\f\i{
ot v/
€ ™

R.S.V.p,

Prem Singh (Moont View)
Kasang Angdu

Sonam Nima

With best compliments from : Sonam Angdu
All Relatives Palden Tsering
& Pema Chhering
Friends Urgiah
Rangdol

Gian Singh (Bhang)
Lopsang Choppell

b M “ A
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Himalayan Trekking, Nepal 1983

Text
CHINA
Tibet ™, Makalu

.

B.475 m
, Ama Dablam %
IND%F\N\‘*"’\\\. du Kangtaiga 6.865 m 1
= 6.779 mA A 2o
o
Namche Bazar™ Baruntse
3.450 M Basecamp Merala 7o, 7220M
Khare 2
z T 4grom 450 €
2 angnag """ g5, Hochlager “ ¢
z 4270 Mgy 7%= 5.450 M 3
Lukla 2.800 m... g:‘Kothe “Mera Peak 4
Chutanga @ 3.570m 6461m
3.440 M B
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4 days waiting: Getting-up early, airport
Kathmandu, back to hotel etc.
After 4 days arrival at Lukhla airport

The Mount Everest Log Book:
Messner, Kammerlander, Dacher etc.

m‘\- > '};4‘}{,8};}
. y | ¥
R S /‘/’“‘r“ G&}uag‘ Howe | eqeiteton
Pirers |
EALE TN = = Lo |
T - R
///%ﬂ’/ﬂtr—/oﬂdw- ],ﬁ.;, G verest Sdmnilor .
YT S Wl SRR | i 1D ol
% for 13 ’g,c (,Mw‘”‘“ | AXMRAL, T
n ! uf‘n'o, ,‘6‘/7/ fﬁ‘l/ o for 28
y | BRivisy. |SotoGrande SPas] 3
J I7ALYy Ao, i kap o
o "‘mua Col@g
,’)fll(‘ﬂ
BRUTS /4 /7ﬂ b “shy,

) 432, 1= [p,

LR e

Difficult Himalayan high altitude tour,
31 days.

Destinations: Westcol 6153 m, Naulekh 6363,
Mera Peak 6461m. Mera La Pass 5415 m. Base
Camp: 4600 m at Baruntse 7220m. Over the
Mingbo La Pass, 5817 m, back to Lukhla via
Pangpoche, Tengpoche Khumjung

Lukhla airfield at almost 3000m:

Dangerous landing and starting

The airfield is served from Kathmandu fully
depending on weather and visibility conditions.
The slope of the 527 m long runway is around
12 %, and it can only be landed uphill and taken
off downhill. The end of the runway then
abruptly breaks off about 600 m deep to the
Dudh Kosi River. After landing, we noticed the
good fencing of the former airfield garden. As
we marched past: The fence was constructed
from over 280 propeller blades.
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Mountain experience

After waking up in the morning:
opening the 4 zippers inner
sleeping bag, outer sleeping bag,
inner tent, outer tent. Great view:
Half a meter of fresh snow.
Ascent of Mera La too strenuous!

left:
A yak manure place keeps warm when having breakfast.

Westcol
) 6150 m
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R A =
left: Who will stop ???
- below: the beautiful Ama Dablam

At the end, gifts are distributed to the
capable trekking helpers
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Abseiling from the Mingbo La pass, 5800 m, impressive life event:

Arrival 9 a.m. Abseiling together with a fearful sherpani (with rubber boots in the ice!) to take over
the intermediate station at 10 o'clock.

Then for 8 hours let down the trekking participants, equipment and Sherpas descending in the ice
channel secured to the rope and then pull this heavy rope up again and again. From 4 p.m. sunlight
gone and freezing cold. I had the to go down the ice channel with the last person, our cook — tied up
in front of me. When we were downstairs, he untied himself and then disappeared downstairs with a
last cry in the dark.

Now my exhausted colleague from the high station slowly came down with his headlamp. I gave him
my ice pick, because I still had an ice axe and then we crossed the steep slope extremely carefully.
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After about an hour, someone came towards us. It was the guide who told us that he had met the cook
on the ascent. Great joy.

For me, the only thing left was to drink, wrap myself in the two sleeping bags and sleep on a mat
between boulders.

Notes: *Sherpas can carry twice as much of us at great height, but could not help pull the heavy
rope. *All the pictures my colleague took of this event from above were developed incorrectly. Grief

Alaska 1986
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Alaska trips, later
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Argentina, Patagonia, 1987) Fitz Roy hiking, Patagonia,

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 363



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Lago Argentino

Bolivia, Chile, 19??
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Moscow with Star City
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Myanmar, Thailand, Laos, Cambodia, Saigon 199??
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Australia 1997
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Some Private Trips
Tunesia 1972
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New Zealand 1997

CV Cuntze_Research Findings & Life Recording Pictures Update 23mar25  * carbon-connected.de/Group/Prof.Ralf.Cunize 371



http://www.carbon-connected.de/Group/Prof.Ralf.Cuntze

Crossing China from Kasakhstan 2005
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Chinese family on the Great Wall, 2000
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Syria, Lebanon, Jordan 2005??
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Usbekistan 2007
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Chiwa, Usbe
A B

kistan;

Invited

JEi

into a home
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Middle America 2008
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Yemen, 2009
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Ethiopia

Mountain luggage

Lilibela [

Cut out of the mountain

LN AR

ok, Aethiopia |
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Paraguay, 2009
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Indonesia

4

Feeding an Oran-Utan in Indonesia
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Largest moth in the world Smallest ape, Makaki
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Crossing Africa 2011
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Crossing India , 2012
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Bolivia,
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Philippines,

|

Pinatubo, Renatured after about 15 years, nature repairs
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Columbia
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hyacinth,

Friend or lazy beneficiary
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Papua-Newguinee,

: YHE A Tl e S
Wig maker in Eastern Irian
v R\" RS SRR,

North and South Corea
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Grown-up at the German nation separating border, now visiting the internal Corean border.
Room of Space peace treaty with the USA. Looking to South Corea
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Bhutan, 2012
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Venezuela , 2013

Venezuela
Me and the guide

Venezuela

“Challenging
tasks
strengthen!”
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Marocco, 2013
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Scandinavia,

Namibia 20
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Island, 2020
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Oman , 2023
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Pictures from at home
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Some special Photographies
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.

=

Tarsier, smallest ape
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Since the porters with the equipment were missing,
we had to take spare clothes.
Consequence: Take what you have.
In this context for the scientific part readers:

In the WWFE, the author also had no FE program
available. But, much is possible if a goal is pursued
and this was also the case with having some
fruitful ideas when investigating some special
WWEFE-II test cases.

Lessons Learned (LL) from Mountaineering

At Fiji:
In the house of a retired Hindhu
sugar engineer

The world is small.

The look is like that one 1
remember which I had when [
walked with my Grandma for

spinning and crocheting in
1944.

Pinatubo, renatured after about 15 years.
Nature repairs
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Cuntze: Sikkim, 2012
AlbtraumemerBruckenuberfahrt Sl

R
.r-aﬁ?.’...r*

The caiman mother Maria observes limit the “No trespassing (No pase!)”. That was very good for the
personal health of my friend Eddi (he unfortunately fell in front of her snout while running away). We
learn: Structural engineers should always observe the limits set by the structural
specifications.(2013)
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